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Abstract

We present a Technical Design Report (TDR) describing the NEXT-100 detector. This
documents formalizes the ANGEL design presented in our Conceptual Design Report
(CDR). The baseline detector is designed to hold a maximum of about 150 kg of 136Xe
at 15 bar, or 100 kg at 10 bar. This option builds in the capability to increase the total
isotope mass by 50% while keeping the operating pressure at a manageable level.
With respect to the CDR the design is simplified in several aspects: (a) a simple lead
shielding is chosen; (b) a low-background stainless-steel pressure vessel is preferred to a
titanium vessel for reasons of simplicity and cost-effectiveness; (c) an inner lining of ultra-
pure copper, 12 cm thick inside the pressure vessel reduces the activity of the detector
outer shells (lead shield and steel vessel) to even lower levels than those achieved at the
CDR.
The ANGEL design calls for an asymmetric TPC, with photomultipliers behind a trans-
parent cathode and position-sensitive light pixels behind the anode. We have chosen
the low background R11410-10 PMTs for energy and timing and Hamamatsu MPPCs
(S10362-11-050P model) as tracking pixels. Each individual PMT will be isolated from
the gas by an individual, pressure resistant enclosure and will be couple to the sensitive
volume through a sapphire window coated with terphenyl-butadiene (TPB) . MPPCs will
be arranged in Dice Boards (DB) holding 64 sensors each in an array of 8×8 sensors. The
light tube will also be coated with TPB.
To be competitive with the other two large xenon experiments, EXO and KamLand-ZEN,
it is imperative that the detector is operative as soon as possible. Our goal is to start data
taking in 2014. For that purpose we have designed an aggressive construction schedule
that will extent through 2012, leading to detector commissioning in mid 2013.
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V. Álvarez, M. Ball, J. Bayarri, S. Cárcel, A. Cervera,36
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Chapter 1180

Apparatus181

1.1 Introduction182

Figure 1.1: The energy spectrum of 137Cs recorded by the NEXT-ENE prototype. The resolu-
tion of the photoelectric peak is 1.1%. This extrapolates to 0.5% at Qββ , near the intrinsic limit
dictated by Fano factor.

The NEXT experiment will search for ββ0ν events in 136Xe using a high-pressure gas183

Xenon (HPGXe) TPC. The main advantages of our technique over the direct competition184
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Figure 1.2: Tracks recorded in the NEXT-DEMO prototype.
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– the Xenon-based experiments EXO [1] and KamLAND-ZEN [2,3] – are:185

1. The excellent energy resolution. The intrinsic limit in gas, dominated by the Fano186

factor is near 0.3% [4]. The NEXT collaboration has measured the resolution at-187

tainable with HPGXe prototypes using electroluminescence (EL). A measurement,188

using a small prototype [5] yielded an extrapolated value of 0.4% FWHM in Qββ .189

Recent measurements carried out with the large NEXT-DBDM prototype yields190

a resolution near 1% FWHM at the 137Cs photopeak (the best measured value is191

1.05%) which extrapolates to better than 0.5% at Qββ(Figure 1.1). This energy192

resolution is a factor 10 better than the best value expected by EXO and a factor193

20 better than the current values achieved by EXO and KamLAND-ZEN.194

2. The availability of a topological signature. A HPGXe offers the possibility to de-195

termine the complete topology of each event in 3-D, based on energy-sensitive196

tracking of the ββ decay electrons and identification of “satellite” deposits. The197

NEXT topological signature has been studied in great detail using MC simulation198

(see our CDR). Background rejection factors of up to a factor 100 are possible199

exploiting the topology. The NEXT-DEMO prototype is currently reconstructing200

the topology of electrons emitted by Cs-137, Na-22 and Co-60 sources (Figure 1.2201

shows two electrons produced by 660 keV photons emitted by a Cs-137 source).202

Nevertheless, one should not forget that both EXO and KamLAND-Zen are already203

taking data with enriched xenon. To compete successfully with them the NEXT exper-204

iment must start as soon as possible. In this TDR we present a schedule that would205

result in completing the detector by mid 2013 and would make it possible to run as soon206

as 2014. If funds are available, a total mass of 150 kg could be deployed.207

Does NEXT have a physics case given the fact that it has less mass than the compe-208

tition and starts later? To assess this question, we write down the simple formula often209

used to express the sensitivity of an experiment in terms of its operative parameters:210

T−1
1/2 ∝ a · �

�
M · t

∆E · B (1.1)

where a is the isotopic abundance, � the overall efficiency, M ·t the total exposure ∆E the211

resolution and B the background rate in the experiment.212

Table 1.1 shows the values of the parameters entering the sensitivity of xenon-based213

experiments, that we take from [6], except for the mass of KamLAND-ZEN (KZEN)214

which is set to 330 rather than to 400 and the efficiency which is set to 33% rather than215

61%. Both numbers are updated after the recent DBD-2011 workshop in which KZEN216

has announced the initial mass dissolved in the liquid xenon (370 kg) and a fiducial cut217

to suppress backgrounds in the balloon, not taken into account in [6].218

We can compare EXO and NEXT, requiring that both achieve the same sensitivity.219

0.8 · 0.34
�

200 · tEXO

100× 8 · 10−4
= 0.9 · 0.33

�
100 · tNEXT

18× 2 · 10−4
(1.2)
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Table 1.1: Parameters entering the sensitivity of xenon-based ββ0ν experiments (from
[6])

Parameter EXO KZEN NEXT
a 0.8 0.9 0.9
� 0.34 0.33 0.33

∆E (FWHM in keV at Qββ) 100 250 18
B (in counts/(keV · kg · y)) 8× 10−4 2× 10−4 2× 10−4

M (total, in kg) 200 330 100

to find that the exposure time of NEXT needs to be only 0.07 of that of EXO to reach220

the same sensitivity. This is roughly 15 years of EXO for each year of NEXT. Clearly,221

with respect to EXO, NEXT physics case is strong.222

Let’s now compare with KZEN223

0.9 · 0.33
�

330 · tKZEN

250× 2 · 10−4
= 0.9 · 0.33

�
100 · tNEXT

18× 2 · 10−4
(1.3)

The ratio between both experiments (in exposure time) is 0.24. This is roughly 4224

years of KZEN for each year of NEXT. Therefore, with respect to KZEN, NEXT physics225

case is also solid.226

Although clearly the numbers used in this simple exercise must be taken with a227

grain of salt, it illustrates the basic fact that NEXT can be a very strong competitor if228

it achieves its design goal and runs and starts data taking reasonably soon. Thus, the229

aggressive schedule presented in this TDR.230

1.2 Detector principles231

The NEXT-100 detector will be an asymmetric SOFT HPGXe TPC. The Separated232

Optimized FuncTions (SOFT) principle requires that tracking and energy measurements233

are carried out by different sensors optimized for each specific function. Figure 1.3234

illustrates the idea. An event, shown as a wiggly track, generates primary scintillation235

recorded at both planes (S1). EL light generated at the anode (S2) is recorded in236

the photosensor plane right behind it and used for tracking. It is also recorded in237

the photosensor plane behind the transparent cathode and used for a precise energy238

measurement.239

The design presented in this TDR follows the ANGEL concept described in our240

CDR [7]. The source mass of the NEXT experiment is gas xenon enriched in the 136Xe241

isotope. The total mass of 136Xe available for the first phase of the experiment is 100242

kg. The pressure vessel has been designed to fit such mass at an operative pressure of243

10 bar, but all the systems are designed to operate up to 15 bar. Therefore a total mass244

of up to 150 kg can be accommodated without modifying the apparatus.245
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Figure 1.3: The SOFT concept. EL light generated at the anode is recorded in the photosensor
plane right behind it and used for tracking. It is also recorded in the photosensor plane behind
the transparent cathode and used for a precise energy measurement.
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1.3 The detector246

Main Cylindrical Vessel
Torispheric Heads

Energy Plane, PMTs
Cu Shield

PMT FTs

Vac. Manifold

HV/Press. relief/Flow/Vac. Ports
HV Cable Cu Shield Bars

F.C. Insulator
Field Cage Rings

Reflectors

Shielding, External, Cu on Pb

EL mesh planes

EL HV F.T.
Cathode Tracking Plane, SiPM

Cu Shield

Figure 1.4: The NEXT-100 apparatus.

Figures 4.1 and Figure 4.2 show drawings of the NEXT-100 apparatus, revealing all247

the major subsystems. These are:248

1. The pressure vessel (PV), consisting in a main cylindrical vessel and torispherical249

heads.250

2. The inner copper shield (ICS).251

3. The electrical system: field cage, cathode, EL grids and HV penetrators.252

4. The light tube.253

5. The energy plane made of PMTs housed in copper enclosures (cans) and connected254

to a vacuum manifold.255

6. The tracking plane made of MPPCs arranged into dice boards (DB). The front-end256

electronics is inside the gas, shielded behind a thick copper plate.257
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Figure 1.5: NEXT-100, longitudinal cross section
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1.3.1 The pressure vessel and the inner copper shielding258

Figure 1.6: Pressure Vessel/Detector, Side and End Cross Section Views

The design of the pressure vessel (PV) has undergone significants changes and sim-259

plifications since the publication of the CDR. These are:260

• Vessel design simplified.261

• Vessel axis changed from vertical to horizontal262

• Vessel material changed from titanium to stainless steel.263

• Inner copper shield added to attenuate the background coming from the vessel and264

the residual background coming from the lead shield.265

• PMT enclosures independent of the head.266

The PV (Figure 4.2) consists of a cylindrical main section having near identical267

torispheric heads on each end. Both heads are convex (as viewed from outside) and each268
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have two nozzles, one for for services (power and signal cabling) and the other for gas269

flow/pressure relief. The PMT enclosures are independent from the head, and located270

fully inside the vessel allowing for a much simpler head design. The vessel orientation271

is horizontal, so as to minimize the overall height, which reduces the shielding cost and272

allows essentially unlimited length on each end for cabling and service expansion.273

The vessel supports all internal components, and the design is quite modular; one274

head fully supports and contains the entire PMT system (energy plane), the other head275

fully supports and contains the SiPM system (tracking plane), and the main vessel fully276

supports and contains the field cage and mesh plane system. The drift section cathode277

plane high voltage feedthrough is integrated into the energy plane head and makes278

contact with the cathode plane when the head is assembled. The supports for these279

internal systems are a set of internal flanges, one incorporated into each main flange (4280

total).281

The simpler vessel design will significantly reduce cost, time, and risk in the fabrica-282

tion; it is now very similar to a standard pressure vessel, which all qualified manufacturers283

will be familiar with. The decoupling of the vessel from the internal systems allows us284

to get an early start on the vessel fabrication, and allows for further refinement and285

development of these systems, should this be necessary.286

The vessel material is now 304L or 316L Stainless steel. There are several reasons287

why we have abandoned titanium as construction material for the first version of the288

NEXT-100 detectors. These are:289

1. Measurements of the activity of several samples of titanium, carried out by our290

collaboration as well as by other groups have not yield conclusive results, as shown291

in chapter 2. Specifically, our requirements were a maximum activity in uranium292

and thorium of the order of 100 µBq/kg, that would have resulted in a total PV293

activity of about 0.4 Bq. Contrarily to our expectations none of the measured294

sampled verified this condition, and most of them were found to have a level of295

activity 3 to 10 times larger.296

2. Conversely, existing measurements of stainless steel, in particular by the XENON297

collaboration (see chapter 2) show that it is possible to secure SS with an activity298

in the range of 1-2 mBq/kg, which is of the same order than the activity measured299

in some titanium samples.300

3. While titanium has many attractive features, including its lightness and (for some301

grades) its resistance to stress, it has also a number of disadvantages with respect to302

SS, including: (a) a much higher cost, (b) more complexity in the fabrication pro-303

cess that eliminated many potential manufacturers and increased the construction304

risks, (c) much restricted availability of parts, (d) more difficulties to accommodate305

the ASME standards, and (e) more difficulties for the risk assessment study, since306

titanium PV are way less common that SS PV.307

Last, but not least, we realized that our shield design included a thick copper shield,308

which was essential to attenuate the residual radiation arising from the external lead309
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shield. On the other hand, moving the copper shield inside the PV has the obvious310

benefit of reducing the copper surface needed (thus the total mass, and therefore the311

cost), and in addition it attenuates the activity arising from the PV by two orders of312

magnitude. Consequently we decided to follow the approach taken by the XENON313

collaboration and fabricate a reasonably radiopure stainless steel vessel lined with an314

inner copper shield (ICS). The ICS is made of radiopure copper, 12 cm thick and with315

an activity of about 10 µBq/kg. It will attenuate the radiation coming from the external316

detector (including the PV and the lead shield) by a factor of 100. The ICS will be317

made of straight copper bars, and where relevant flat plates, which are straightforward318

to fabricate. It does not introduce any significant complication in the design.319

It appears feasible to obtain 304L/316L stainless steel of an activity less than ∼5320

mBq/kg in the uranium and thorium series. After the ICS the residual activity would be321

reduced to some 50 µBq/kg, for a total vessel mass of 1.2 tons, which is also lighter than322

in the titanium vessel version (in spite of the higher density of SS) due to the elimination323

of the heavy service flanges. Thus the residual activity due to the PV (after the ICS)324

is smaller than 0.1 Bq. One needs to add the residual activity of the ICS itself which is325

also smaller than 0.1 Bq (using copper of ∼10 µBq/kg, which is available from a number326

of suppliers, see chapter 2). Thus, the resulting activity of the whole system is smaller327

than that foreseen in the CDR.328

Table 1.2: NEXT100 Pressure Vessel Parameters
Parameter qty units
Maximum Operating Pressure (MOP) 15.0 bar (abs)
Maximum Allowable Working pressure (MAWP) 16.4 bar (abs)
Minimum Allowable Pressure (external 1.5 bar (abs)
Inner diameter 130 cm
Outer Diameter, Vessel 131 cm
Outer Diameter, Flanges 147 cm
Length, inside shielding 2.22 m
Length, end to end, axial 2.85 m
Vessel and head wall thickness 10 mm
Head crown radius, internal 130 cm
Head knuckle radius, internal 13 cm
Flange thickness, head to vessel (both) 3.5 cm
Bolt Diameter, head to vessel flanges 14 mm
Bolt length, head to vessel flanges 9 cm
Number of Bolts, each head to vessel flange 150
Mass, Vessel and both heads 1200 kg
Mass, Copper shielding 9000 kg

The basic parameters and dimensions of the pressure vessel are shown in table 4.1.329

The vessel will be built strictly to ASME pressure Vessel Design Code, sec VIII.330
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1.3.2 Field Cage331

Parameter Value
E/P 3.0 kV*cm -1*bar-1

Drift field 0.3 kV/cm
Pressure 15.0 bar
EL grid gap 0.5 cm
Drift length 127 cm
Gate grid voltage -22.5 kV
Anode grid voltage 0
Cathode voltage -58 kV
Optical gain 2500 photons/e-

Table 1.3: NEXT-100 EL grid parameters
!"#$%&'"()*&!"#$%$&'%(#)*"#'++,'-)..#/'

+,-$&'#*"*.#'&
+"/"%#'&01-"(&

Figure 1.7: NEXT-100 Field Cage

The NEXT-100 field cage (FC) is shown in Figure 4.7 and the EL parameters are332

shown in Table 4.2. The main body of the FC will be a high density polyethylene333

(HDPE) cylindrical shell with a 2.5 cm wall thickness. The drift region will consist of334

OFHC copper strips connected with low background resistors. There is also a buffer335

region between the cathode and PMTs which will be used to degrade the high cathode336

voltage safely to ground. Using the parameters in Table tab.TL, the electric field varies337

<3% across the fiducial volume. The light tube will consist of thin sheets of TetratexTM
338

(TTX), fixed over a 3MTM substrate. The TTX will be vacuum coated with tetraphenyl339
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butadiene (TPB) wavelength shifter to maximize the light yield. The ArDM collabora-340

tion has measured a reflectance coefficient at 430 nm close to 97% for a wide range of341

coating thicknesses. In addition, the light yield measurements showed no aging effects342

(see chapter 7 for more details).343

Figure 1.8: Cathode high voltage feedthrough (HVFT) designed for up to 100 kV oper-
ating voltage.

Figure 1.9: Cathode HVFT used in NEXT-DEMO.

The cathode high voltage feedthrough (HVFT) will be constructed using a compres-344

sion seal approach as illustrated in Figures 4.9 and 4.10. A metal rod is pressed into a345

plastic tube (Tefzel or FEP, which have a high dielectric strength) which is then clamped346
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using plastic ferrules from both the pressure side and air side. A sniffer port is placed347

between the seals to assure that xenon is not leaking. The feedthrough will be attached348

to a flange located on the energy plane end-cap. A shielded cable will be connected to349

the feedthrough and placed through the PMT support plate. The unshielded portion of350

the cable, with an additional resistive coating, will then run along the inside of the buffer351

field rings and mate with the cathode via a spring loaded junction. This approach, with352

the exception of the resistive coating, has been used in NEXT-DEMO, where a cathode353

voltage of 45 kV has been achieved. A smaller prototype was tested to 100 kV in vacuum354

and 70 kV in nitrogen at 3 bar. It has been demonstrated to be leak tight at 10 bar355

xenon and 10-7 mbar vacuum.356

Figure 1.10: EL grids used in NEXT-DEMO

Figure 1.10 shows the electroluminescent (EL) grids built for the NEXT-DEMO357

prototype. The grids were constructed using a stainless steel mesh with pitch 0.5 mm358

and wire diameter 30 microns, which results in an open area of 88%. The grids are formed359

by clamping in a ring with a tongue and groove to hold the mesh and using a tensioning360

ring that is torqued with set screws to achieve the optimum tension. One important issue361

is that for the large diameter required in NEXT-100, preliminary estimates show that362

electrostatic attraction will cause the EL grids to bow considerably. This can be remedied363

by using a larger gauge wire. For example, a wire mesh is available with 90 micron wire364

diameter made from titanium with a similar open area. We are also investigating the365

use of titanium or copper grid frames to minimize the radioactive budget.366
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1.3.3 The energy plane367

Sapphire window Enclosure
Screw-down Ring

PEEK Ring
Antirotation washer

Kapton Shim
O-ring PMT

Spring
Band Clamp

Clamp Mount
Optical Coupling Pad

Conduit Fitting
Backplate

Heat Spreader
Retaining Ring

Potting
Base

Figure 1.11: A PMT inside its enclosure.

The energy measurement will be provided by the detection of EL light via PMTs,368

which will also record the scintillation light needed for t0. Those PMTs will be located369

behind a transparent cathode. The energy plane (Figure 5.5) includes the following370

elements:371

• A total of 60 low-background, high-QE PMTs, model R11410-10 from Hamamatsu.372

(Figure 5.1), covering 32.5% of the cathode area. These are large tubes, with a373

3” photocathode and low levels of activity of the order of 3 mBq per unit in the374

Uranium and 2 mBq per unit in the Thorium series, the only relevant backgrounds375

for NEXT (Figure 5.2). The QE of the R11410-10 model is around 25% both in376

the VUV and in the blue region (Figure 5.3). The PMT coverage is 30%, enough377

to guarantee detection of S1 in most of the energy spectrum and to measure the378

energy with good resolution (see chapter 5).379

• PMTs are sealed into individual pressure resistant, vacuum tight titanium enclo-380

sures. These enclosures (a.k.a. cans) are shown in Figure 5.4. The concept is381
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RI Level for R11410MOD

Expected RI level : 10~30 mBq/PMT

Estimated RI level
< Unit : mBq/PMT >

Materials Weight (g) 40K U Th Co60 Sub Total

Quartz Faceplate 35 0.0 0.2 0.4 0.1 0.7
Metal Bulb 95 5.7 2.9 1.0 3.5 13.1

Stem (ceramic) 25 0.0 0.0 0.7 5.5 6.2
Insulating Plates 16 0.0 0.1 0.2 0.0 0.3

Electrodes 31 0.0 0.1 0.0 0.0 0.1

Total 202 5.7 3.3 2.3 9.1 20.4

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Picture of R11410MOD (1)

Ceramic Stem

Ceramic

Koval Metal

Cu Pipe

Front view of
R11410MOD

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Picture of R11410MOD (2)

Ceramic Stem
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Koval Metal

Cu Pipe

Back view of
R11410MOD

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Comparison between 2 Types

R11410MOD

Ceramic Stem Koval Leads

R11410

Glass Stem

Figure 1.12: The Hamamatsu R11410-10 phototube. This is a large PMT, 3” in diameter,
with an average radioactivity of 3.3 mBq for the U chain and 2.3 mBq for the Th chain.
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Figure 1.13: Activity of the R11410-10 phototube.
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Electrical Characteristics
Items R11410 R11065

Suitable Experiment Liq. Xe Liq. Ar
Operating Temp. ~ -110 deg C ~ -185 deg C

Photocathode Low Temp. Bialkali Low Temp. Bialkali
Spectral response 160~650 nm 200~650 nm

QE at interest 26% at 175 nm 25% at 420 nm
Dynode Structure

Gain
Rise Time

Transit Time
TTS

Pulse Linearity
6.5 ns typ.

20 mA typ. at +/- 2% dev.

Box & Line, 12-stage
5E+06 typ. at 1500V

5.5 ns typ.
46 ns typ.

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Typical QE Curve
R11065 & R11410 Spectral Response Characteristics
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Figure 1.14: QE of the R11410-10 phototube.
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similar to that shown in the CDR. but they are no longer welded into the tori-382

spheric head as in the original design. Instead, both the pressure vessel and the383

PMT system are simplified by moving the enclosures fully inside the vessel. This384

allows the PMT system to be developed independently of the vessel.385

• The PMT cans are all mounted to a common carrier plate that attaches to an386

internal flange of the pressure vessel head.387

• Sapphire windows are secured with titanium screw-down rings and O-ring sealed to388

the front end of the enclosure. A similar system seals the back side of the enclosure389

• PMT bases are potted with heat conducting epoxy to flexible copper heat spreaders390

which connect to the enclosures.391

• PMT cables are enclosed in individual pressure resistant,vacuum tight tubing con-392

duits.393

• Conduits all lead to a central manifold. The central manifold is cantilevered from394

the nozzle flange.395

• PMT cables route through central manifold to 41 pin CF feedthroughs on a CF396

octagon, outside the lead shielding.397

• High vacuum(< 10−6 torr) is applied at octagon port; good vacuum (< 10−4 torr)398

is maintained inside enclosures through conduits, well below Paschen minimum,399

avoiding sparkover or glow discharge across PMT pins.400

• A large vacuum tank buffer volume exists to limit pressure build in central manifold401

in case of sapphire window failure (avoids Super-K chain reaction failure mode).402

Xenon permeation through seals is recovered with a cold trap.403

• Vacuum inside enclosure requires good thermal management, base cooling is by404

conduction into enclosure through a special low force heat spreader plate.405

• PMT Modules are clamped into copper heat conduction flanges attached to the406

copper carrier plate.407

• Heat is carried to pressure vessel flange by conduction through copper carrier plate;408

7 C total temp rise.409

• Carrier plate and central manifold can be electrically (but not thermally) isolated410

from the pressure vessel, to allow the PMTs to be operated with cathodes at full411

negative voltage, with anodes and signals at low voltage412

• Alternately, the cathodes can be grounded, and the anodes and signal run at high413

positive voltage using only the central 21 pins of each 41 pin feedthrough, to avoid414

flashover.415
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Figure 1.15: The full energy plane.
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1.3.4 The tracking plane416

Figure 1.16: The Photon Detection Efficiency as a function of the wavelength of the
incident light for the two MPPC models considered in NEXT. The S10362-11-025P has
been used in NEXT1-TF. The S10362-11-050P will be used in NEXT100.

Figure 1.17: Dice Board containing 16 (4×4) MPPCs

In NEXT the tracking function is provided by a plane of multi-pixel photon counters417

(MPPCs) operating as a light-pixels and located behind the transparent EL grids. The418

MPPCs will be manufactured by Hamamatsu and the chosen model is S10362-11-050P.419

This small device has an area of 1mm2, 400 pixels per sensor and very large particle420
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detection efficiency (PDE) in the blue region (Figure 1.16). It is very cost effective (less421

than 12.5 euros per unit for large orders) and its activity is expected to be low, given its422

composition (mainly silica) and very light mass.423

The MPPCs will be mounted in Dice Boards (DB). This are square boards made424

of cuflon (PTFE fixed to a copper back plane). Figure 5.7 shows on of the DB of the425

NEXT-DEMO prototype, each one holding 4×4 pixels. NEXT-100 DB will be similar,426

but containing 8×8 pixels.427

Figure 1.18: Left: Mother-Board with the front-end electronics on which center one of
the Daughter-Boards is connected. Right: MPPCs DB arranged following the structure
of NEXT-DEMO tracking plane.

In NEXT-DEMO, the DB are fixed to a Mother Board (MB) (Figure 5.8). In NEXT-428

100, the DB will be fixed to a light honeycomb structure and connected directly to the429

FE electronics. Each DB is supplied with a common bias voltage.430

A dedicated setup was prepared to to measure the spread in gain of every single DB.431

As shown in Figure 5.10, spread in gain in every DB keep always below 4%, while the432

average in gain is (2.27 - 2.50) 105. These values provide a homogeneous response of the433

plane, and ensure the correct resolution for the reconstruction of ββ events.434

Figure 5.11 shows the typical dark current measured in our MPPCs as a function of435

the bias voltage and for three different temperatures. The level of the dark current is at436

about 5 photoelectrons. In NEXT-100 a digital threshold at the 4 - 6 p.e. level should437

lead to an insignificant noise rate. An automatic system to compensate temperature438

differences by adjusting the bias voltage has also been tested successfully and will be439

implemented in NEXT-100.440

The pitch of the NEXT-100 tracking planes is a compromise between several con-441

strains imposed by the physics:442

1. An electron moving in dense gas does not behave exactly as a minimum ionizing443

particle. Instead, it loses a significant part of its energy by the emission of discreet444
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Figure 1.19: Values of Average and Spread in Gain of every Daughter Board.

delta rays and bremsstrahlung radiation. The “photon cloud” associated to the445

electron has an rms distribution of the order of 1 cm.446

2. Transverse diffusion in pure xenon is large, and the typical rms of the charge447

distribution for electrons produced in the center of the chamber is of the order of448

1 cm.449

3. Identifying low-energy photons (e.g, x-rays of 35 keV) nearby the electron track is450

an extra handle to label background events (e.g, photoelectric events in the 214Bi451

peak). Photon-track separation is directly proportional to pitch.452

A pitch significantly smaller than 1 cm is not useful due to charge dispersion and453

the photon cloud. Conversely, as the pitch increases the background rejection capability454

decreases. Monte Carlo studies show that a reasonable tradeoff may be found for pitches455

between 1 cm and 1.5 cm. While physics performance appears not to degrade too much456

with pitch in that region, the number of pixels decreases with the square of the pitch. A457

reasonable compromise appears to be 1.1 cm, which in turn requires about 7 000 pixels.458
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Figure 1.20: Dark current of one NEXT MPPC as a function of operative voltage and
for three different temperatures T.

1.4 Front-end electronics459

1.4.1 FE readout electronics for the PMTs460

The FE electronics for the PMTs in NEXT-100 will be very similar to the one developed461

for the NEXT-DEMO and NEXT-DBDM prototypes. The first step is to shape and462

filter the fast signals produced by the PMTs (less than 5 ns wide) to match the digitizer463

and eliminate the high frequency noise. An integrator is implemented by simply adding464

a capacitor and a resistor to the PMT base. The charge integration capacitor shunting465

the anode lengthens the pulse and reduces the primary signal peak voltage accordingly.466

The integrating signal is then fed to a low-pass filter amplifier.467

The design, shown in Figure 6.1 uses a single amplification stage based on the fully468

differential amplifier THS4511, which features low noise (2nV/
√

Hz) and provides enough469

gain to compensate for the attenuation in the following stage, based on a passive RC470

filter with a cut frequency of 800 kHz. This filtering produces enough signal stretching471

to allow taking many samples per single photo-electron at 40MHz.472

The front-end circuit was implemented in 7 channel boards (Figure 6.3) and con-473

nected via HDMI cables to 12-bit 40-MHz digitizer cards. These digitizers are read out474

by FPGA-based DAQ modules that buffer, format and send event fragments to the DAQ475

PCs via gigabit Ethernet links.476

Both the 16-channel digitizer card and the DAQ module (Front-End Concentrator,477
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input impedance R of the front-end circuit with a 
time constant RC.  
     
 
 
 
 
 
 
 

 
Fig.  4. Front-end schematics for one channel. 

 
Reflections that may be generated during the charge-
up of the capacitor at the PMT output and also by 
impedance mismatching between the PMT output 
and the front-end input can be suppressed by an 
appropriate frequency cutoff in the electronics. 

3. Front-end electronics 

 
 
 
 
 
 

 
 
 
 

 
 
 
Fig. 5. Single photo-electron signal directly from the PMT anode, 
amplified by the THS4511 and filtered with the passive RC filter.  

 
The design of the front-end (fig. 4) was tackled 

with a single amplification stage based on the fully 
differential amplifier THS4511, which features low 
noise (2nV/ and provides enough gain to 
compensate for the attenuation in the following stage, 
based on a passive RC filter with a cut frequency of 
800 kHz. This filtering produces enough signal 
stretching to allow taking many samples per single 
photo-electron at 40 MHz (fig. 5). The AD8131 
driver follows to provide enough current capabilities 

for the cable transmission of the signal to the ADC 
board. 
      The gain for the current to voltage conversion is 
set by the feedback resistors. The input impedance of 
the front-end is given basically by the parallel 
resistors R66 and R67 (fig. 4). Usually R55 and R66 
should have equal values to balance the differential 
amplifier, however the variation of R55 provides 
additional offset that may be useful to adjust the 
baseline level if necessary.  
     The energy resolution of the front-end circuit for a 
single photo-electron signal (with a typical charge of 
~1pC) using an oscilloscope is close to 5.9 %, with a 
SNR of 26 dB. 
 
 
 
 
 
 

 
 
 
 

 
Fig.  6. Front-end card with 7 analog channels.   

4. Digitization 

The front-end  circuit presented was implemented 
in 7 channel boards (fig. 6) and connected via HDMI 
cables to 12-bit 40-MHz digitizer cards. These 
digitizers are read out by FPGA-based DAQ modules 
that buffer, format and send event fragments to the 
DAQ PCs via gigabit Ethernet links. Full events are 
built and stored into disk using the ALICE DATE 
system software [3]. 

Both the 16-channel digitizer card and the DAQ 
module (Front-End Concentrator, FEC) have been 
designed as a joint effort between CERN and the 
NEXT collaboration in the framework of the Scalable 
Readout System (SRS) for the RD51 R&D 
programme [4]. These two cards are edge mounted to 
form a standard 6Ux220mm eurocard. The FEC 
module can interface different kinds of front-end 
electronics by using the appropriate plug-in card. 
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Figure 1.21: FE electronics schematics for one channel of the energy plane of NEXT-DEMO.
A similar scheme will be implemented for NEXT-100.
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Fig.  4. Front-end schematics for one channel. 

 
Reflections that may be generated during the charge-
up of the capacitor at the PMT output and also by 
impedance mismatching between the PMT output 
and the front-end input can be suppressed by an 
appropriate frequency cutoff in the electronics. 

3. Front-end electronics 

 
 
 
 
 
 

 
 
 
 

 
 
 
Fig. 5. Single photo-electron signal directly from the PMT anode, 
amplified by the THS4511 and filtered with the passive RC filter.  

 
The design of the front-end (fig. 4) was tackled 

with a single amplification stage based on the fully 
differential amplifier THS4511, which features low 
noise (2nV/ and provides enough gain to 
compensate for the attenuation in the following stage, 
based on a passive RC filter with a cut frequency of 
800 kHz. This filtering produces enough signal 
stretching to allow taking many samples per single 
photo-electron at 40 MHz (fig. 5). The AD8131 
driver follows to provide enough current capabilities 

for the cable transmission of the signal to the ADC 
board. 
      The gain for the current to voltage conversion is 
set by the feedback resistors. The input impedance of 
the front-end is given basically by the parallel 
resistors R66 and R67 (fig. 4). Usually R55 and R66 
should have equal values to balance the differential 
amplifier, however the variation of R55 provides 
additional offset that may be useful to adjust the 
baseline level if necessary.  
     The energy resolution of the front-end circuit for a 
single photo-electron signal (with a typical charge of 
~1pC) using an oscilloscope is close to 5.9 %, with a 
SNR of 26 dB. 
 
 
 
 
 
 

 
 
 
 

 
Fig.  6. Front-end card with 7 analog channels.   

4. Digitization 

The front-end  circuit presented was implemented 
in 7 channel boards (fig. 6) and connected via HDMI 
cables to 12-bit 40-MHz digitizer cards. These 
digitizers are read out by FPGA-based DAQ modules 
that buffer, format and send event fragments to the 
DAQ PCs via gigabit Ethernet links. Full events are 
built and stored into disk using the ALICE DATE 
system software [3]. 

Both the 16-channel digitizer card and the DAQ 
module (Front-End Concentrator, FEC) have been 
designed as a joint effort between CERN and the 
NEXT collaboration in the framework of the Scalable 
Readout System (SRS) for the RD51 R&D 
programme [4]. These two cards are edge mounted to 
form a standard 6Ux220mm eurocard. The FEC 
module can interface different kinds of front-end 
electronics by using the appropriate plug-in card. 
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Figure 1.22: NEXT-DEMO front-end card with 7 analog channels.
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FEC) have been designed as a joint effort between CERN and the NEXT collaboration478

in the framework of the Scalable Readout System (SRS) for the RD51 R&D program,479

as describe in our CDR. These two cards are edge mounted to form a standard 6U×220480

mm eurocard. The FEC module can interface different kinds of front-end electronics by481

using the appropriate plug-in card.482

An additional FEC module with a different plug-in card is used as trigger module.483

Besides forwarding a common clock and commands to all the DAQ modules, it receives484

trigger candidates from the DAQ modules, runs a trigger algorithm in the FPGA and485

distributes a trigger signal.486

Up to two front-end cards can be read out by a single DAQ module through an ADC487

card. This readout system can be easily scaled up by simple addition of FEC cards.488

To summarize, a low noise differential amplifier is used to obtain good resolution489

in the digitization of the primary scintillation, which provides high detection efficiency.490

The energy resolution of the front-end circuit using test input signals with charge values491

close to the ones expected from EL signals is of the order of 0.26%, which will provide492

precise energy measurement of the EL events in the TPC. The solution adopted for the493

DAQ system guarantees the scalability of the system for NEXT-100.494

1.4.2 FE electronics and readout for NEXT-100 tracking plane495

The collaboration has gained considerable experience in the design of FE electronics for496

the tracking plane with the design and construction of the FE electronics for the tracking497

plane of the NEXT-DEMO prototype (see chapter 6). The main problem to be addressed498

in the case of the NEXT-100 detector is the fact that it will have more than 7 000499

channels. Passing all those wires across feedthroughs, as it has been done for NEXT-500

DEMO is possible but challenging and probably not optimal. Consequently we are501

developing a new in-vessel FE electronics that reduces the total number of feedthroughs502

to an acceptable level. Here we present the new electronics readout architecture.503

Since the electronics will be inside the PV, it must necessarily be very low power to504

minimize the heat dissipated inside the vessel. The very front-end design and the ADCs505

are the key to low power.506

Our design consists of a very simple front-end, very low power ADCs and a digital507

data merger stage (FPGA) to be placed inside the detector. This is achieved by replacing508

the gated integrator with a passive RC circuit and the power-hungry amplifiers with509

ultra low power devices. A preliminary estimation gives a total of 240 W. Additional510

power dissipation comes from drop in voltage regulators, FPGA (data handling and511

multiplexing) and transmission circuits required to reduce the number of feedthroughs512

in the TPC vessel. We estimate a total in-vessel electronics is 410 W.513

To efficiently dissipate this heat we will attach the front-end cards to 10-cm-long514

copper fins radially mounted on the inner vessel surface. Since xenon is a bad heat515

conductor, most of the heat will be transferred from the fins to the vessel. A cooling cir-516

cuit surrounding the detector would define an appropriate, constant vessel temperature.517

Simulations need to be carried out to validate how much power can be dissipated with518

this solution. Alternatively, liquid cooling inside the vessel could be used.519
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Taking the NEXT-DEMO electronics as a starting point, we have designed a three-520

stage circuit, with a gain of 10 in each stage. The first two stages are based on the521

AD8012 (two amplifiers per package, very low noise) and the last one on the AD8005522

(ultra low power, 400 µA quiescent current). Total gain is (Rt is the input termination523

resistance) 1.000 × Rt = 50.000, as the first stage is a transimpedance amplifier with524

gain of 10×Rt = 500. A passive, 2 µs time-constant RC circuit (200 pF, 10 kΩ between525

the second and the third stages acts as the circuit integrator.526

Figure 1.23: This low power amplifier circuit for NEXT100 features only approx. 30 mW power,
4mV/pe gain and 1.7mV rms noise

This gain will suffice to produce a 1V output for a 250-pe dynamic range. Total527

electronic noise in the amplifier circuit is very low according to the simulations: 1,7 mV528

rms. This is approx. 3 LSBs in a 12-bit ADC and sets the limit to the offset voltage529

adjustment. For the digitization two alternatives are currently under study:530

• A single-channel 1-to-3 MHz low-power 12-bit ADCs (like AD7476), requiring only531

two lines (data and chip select) for readout. This solution is used in NEXT-DEMO.532

Total power dissipation (including amplifier and ADC) is approx. 35 mW per533

channel (a factor 18 less than the NEXT-DEMO solution). This value goes up to534

60 mW after a conservative estimation for losses in voltage regulators and other535

auxiliary circuits (including FPGA readout and data transmission).536

• A fast (40 MHz or higher) multi-channel ADC and an analog switch for multiplex-537

ing. This solution can lead to a reduced power consumption, though the effect of538

the noise induced by hundreds of switches inside the vessel has to be studied.539

The readout will be triggered and zero suppressed. Our expected operational param-540

eters (chapter 6) are a10 Hz trigger rate, 2 ms event size and 1 MHz sampling frequency.541

For these parameters a triggered readout produces 50 times less throughput than a con-542

tinuous readout. 7 000 channels produce approx. 20 MByte/event in raw data mode. At543

10 Hz rate this makes 200 MByte/s data, or 1,6 Gb/s throughput.544
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Figure 1.24: Functional blocks in the FEB card

These three conclusions suggest a readout architecture sketched next.545

Consider a NEXT-100 DB with an 8×8 SiPM array. These DB cards equip the546

bias network and a few (maybe 4) connectors for low-cosstalk kapton ribbon cables.547

These cables arrive in a Front-End Board (FEB) that includes the analog stages, ADC548

converters, voltage regulators and an FPGA that handles, formats, buffers and transmits549

data to the outer DAQ. LVDS clock and trigger inputs are needed.550

This 64-ch FEB is the key component in the in-vessel electronics. A total of 107551

FEBs are required. FEB size can be 15×15 cm, leaving 3.5 cm2 board area per channel.552

This can easily accommodate the three amplifying stages and ADC per channel plus553

associated SMD passive components in one board side. The FPGA, voltage regulators554

and I/O connectors can sit in the opposite layer.555

Power dissipation (as calculated in previous sections) is 60 mW per channel, or556

3.84W/FEB (64 channels). The FEB plane will dissipate approx. 107×384W = 410 W.557

One full event (2 000 samples) requires 2.000 × 64 × 12 bit, slightly more than 1,5558

Mbit (or 187,5 KByte). This is a first estimation for the size of the data buffer. It559

is available as true dual-ported memory in low-power FPGAs like Spartan-6 LX45 in560

324-BGA (15×15mm) or in the low power, low cost, Xilinx Artix XC7A30T. Therefore561

no external memory is required.562

Data are stored in a circular (ring) buffer in the FEB. Storing 1,5 Mbit data in 2 ms563

requires writing the buffer at 750 Mb/s. After framing, reading out at 200 Mb/s (maybe564

a limit for copper links across a vacuum feedthrough) takes 7,5 ms. So, from the 100565

ms period (1/10Hz) the system spends in worst case 2 ms filling the buffer and 7.5 ms566

emptying it.567

For zero-dead-time operation the buffer must be large enough to be continuously568
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Figure 1.25: The NEXT-100 SiPM plane can be read out with 4 LDCs and 7 FECs

filled, and so a 2+7,5= aprox. 10 ms buffer is needed. This means 1,5Mbit×10ms/2ms569

= 7,5 Mbit. This is still feasible with Xilinx Artix FPGAs (XC7A200T), that has an570

internal 13,5 Mbit memory. A trade-off between readout speed and buffer size must be571

found in order to minimize cost and power. Data links must a have a low speed for572

the sake of reduced power consumption, cheaper electronics, reduced FEB noise and573

enhanced signal integrity.574

The FEB output frame format can be an evolution for the existing NEXT1 SiPM575

format. We propose to use a 16-bit word format. An event will be split into a number576

of frames containing each: SOF (start of frame), Board ID (unique FEB ID number),577

a number of data blocks, a CRC word and an EOF (End of Frame) word. Each data578

block contains a Timestamp word (including error flags) and 64 data words.579

With a tentative number of data blocks per frame of 10, this makes 644 words per580

frame, or 10 304 bits. An event containing a maximum of 200 frames has a size of slightly581

less than 2 Mb.582

In order to transfer these data in 10 ms (requiring 12 ms buffer in the FPGA), we583

need a link speed of 200 Mb/s. This is again a compromise between buffer size and link584

speed, and the sweep spot must be found.585

If zero-dead-time operation is not required, operating at a 10 Hz rate, the required586

link throughput would be just 20 Mb/s.587

Careful evaluation of copper and optical link solutions will provide the right com-588

promise between buffer size, power dissipation, reliability and cost.589

The DAQ will follow the modular architecture described in the CDR. The number590

of Front End Cards (FECs) and local data concentrators (LDC) PCs is determined by591

two numbers:592

1. The tracking plane produces 1.6 Gb/s data. Setting a comfortable working point593

for the gigabit Ethernet links between the FECs and the LDCs in 400 Mb/s, 4594

LDCs are required.595
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2. Assuming 200 Mb/s link speed (LVDS over copper) from the in-vessel electronics596

to the DAQ (the same speed and technology used in NEXT1 for the SiPM plane597

readout) the existing 16-link LVDS adapter card can be used. The 107 links coming598

from the vessel require then 107/16=7 FEC cards.599

Combining these two points, one needs 7 FECs and 4 LDCs as the size of the tracking600

DAQ partition. This is approx. the size of the full NEXT1 DAQ.601

1.5 Shifting the VUV light for NEXT602

Xenon scintillates in the VUV range, with a peak at ∼175 nm. Although the NEXT603

PMTs have the same QE for light in this range and in the blue (about 25%), the MPPCs604

have a very low PDE below 200 nm. Therefore, it is imperative to use a wavelength605

shifter (WLS) on MPPCs. Furthermore, the reflectivity of the light tube (made of TTX,606

a Teflon cloth) is dramatically improved by coating the TTX with TPB. Last, but not607

least, our PMTs will be enclosed in cans coupled to the gas through sapphire windows.608

UV grade sapphire is extremely expensive, and thus coating the sapphire windows of the609

PMT enclosures with PMT appears also as mandatory.610

Tetraphenyl-butadiene (TPB) of ≥ 99% purity grade is an organic WLS widely used611

in many experiments to shift scintillation light produced in the UV by Liquid Argon612

or Liquid Xenon to the visible. It absorbs light in a wide UV range and re-emits it613

in the blue with an emission peak around 430 nm. TPB can be applied by vacuum614

evaporation from crystalline form directly onto surfaces. The TPB coating obtained615

that way is reported to be hard and durable with good adherence to the substrate and616

high resistance to mechanical abrasion. It is not soluble in water but may be degraded617

by humidity, and can be removed when necessary by the use of benzene or other organic618

solvents.619

A TPB procedure to deposit a thin layer of TPC on flat (relatively small) surfaces,620

such as dice boards (DBs) and the sapphire windows of the PMT cans has been developed621

at ICMOL and IFIC. A second procedure to coat large surfaces, such as the NEXT-100622

light tube has also been developed at IFIC.623

The technique to deposit thin layers in flat surfaces —including glass, quartz, sap-624

phire and teflon— has been developed at the coating facility of the Instituto de Ciencias625

de Materiales (ICMOL). Figure 7.1 shows the evaporator used. It is enclosed in a glove-626

chamber filled with with N2 to insures the conservation of the organic compounds by627

avoiding their oxidation and hydration. The coating setup consists in a vacuum cham-628

ber enclosing 4 ceramic crucibles used to contain and melt simultaneously up to 4 com-629

pounds. During the TPB evaporation campaign for NEXT the whole setup was cleaned630

to remove any traces of other molecules. One crucible only was used and filled with631

TPB pounder. It was heated by a cartridge with an adjustable current for monitoring632

the temperature and controlling the evaporation rate to avoid bubbling and sputtering633

of the TPB onto the exposed substrate.634

Several successive depositions of a chosen thickness have been successfully produced635
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Figure 1.26: The Evaporator where one can distinguish from bottom to top, the crucibles
and the deposition-sensors, the shutter, the sample-holder supported by a spinning disk
and the vacuum chamber which is closed down during evacuation and coating.

on TiO2 glass-slices and on several samples of MPPC dice boards. As an illustration,636

Figure 7.3 shows a glass-slice (left) and a prototype DB (right) coated with TPB and illu-637

minated with UV light at 240 nm, clearly re-emitting in the blue. The coated glass-slices638

and DB samples have been tested and characterized at IFIC and ICMOL with differ-639

ent UV light sources. Some of the most relevant results are described in the following640

subsections (a detailed paper with more extensive details will be published shortly).641

The light tube will cover the inner part of the field cage. The presence of a strong642

electric field demands, therefore, non conductive material as the substrate for the wave-643

length shifter. We have chosen the same materials studied by the ArDm collaboartion.644

The light tube substrate will be ESR (VikuitiT M Enhanced Specular Reflector foil) from645

the company 3MT M and Tetratex (TTX)from the company Donaldson Membranes. The646

ESR foil is a multilayer specular reflecting polymer measured to be highly radiopure. Its647

appearance is that of a polished metal although the material is non conducting. It has648

a specular reflection coefficient of practically 100% in a large region of the optical spec-649

trum. TTX is an aligned polytetrafluoroethylene (PTFE) fibrous cloth and is nearly a650

100% diffuse Lambertian reflector. It is also radiopure (typically less than 1 ppb, which,651

given the very low mass involved, gives a negligible contribution to the radioactive bud-652

get) and has low degassing. The measured reflectivity of the ESR + TTX foils is about653

97% at 430 nm.654

The NEXT collaboration has acquired the large evaporation chamber developed by655
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Figure 1.27: Illumination with 240 nm UV light of a glass-slice (left) and a 5-SiPM board
(right) both coated with TPB.evaporator

Figure 1.28: The large evaporation chamber, details.

the ArDM collaboration, which is currently installed at the IFIC (Figure 7.9). This is656

a stainless steel vacuum chamber large enough to house reflector sheets of 120×25 cm2
657

which have the right size for the NEXT-100 detector. The apparatus consists mainly658

of two parts, a horizontal tube with pumping connection on its closed end and a slide-659
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First results

VikuitiTM 3MTM   Foils

Optical inspection shining 
a 3MTM foil with 260nm 
lamp.

Left with TPB. Right without TPB

TTX on 3M foil  with TPB 
illuminated with a UV 

lamp. Piece of TTX above 
with out TPB 

Figure 1.29: Response of the light tube foil (ESR+TTX) after coating, showing the
characteristic blue light emission when illuminated by a UV lamp. In the upper part of
the picture the same foil without coating.

in array of 13 crucibles mounted onto a Viton-sealed access flange. The crucibles are660

electrically connected in series for better uniformity and lower total supply current (10A).661

The reflector sheets are supported by 100µm wires in a crescent arrangement for constant662

distance to the crucibles. An evaporation cycle is started by filling the crucibles with663

TPB powder and positioning the TTX reflector sheet on its support.664

After this preparation the sheets were inspected optically with a UV lamp (Figure665

7.10) showing the characteristic re-emission in the blue.666

1.6 The gas system667

The pressure vessel/gas system must be capable of pressurizing, circulating, purifying,668

and depressurizing the detector with either enriched xenon (EXe), normal xenon (NXe),669

depleted xenon (DXe) argon and possibly other gases with negligible loss, and without670

damage to the detector. There is a high priority on avoiding loss of EXe, due to its cost671

and availability. A list of requirements in approximate decreasing order of importance672

is shown below:673

1. Pressurize vessel, vacuum to 15 bar absolute (bara) - 1 hour max. - EXe, DXe, Ar674

675

2. Depressurize vessel, on fault command, 15 bar to 1 bar - 10 sec max. - to closed676

reclamation system677

3. Depressurize vessel, normal operation, 15 bar to vac. - 1 hour max. - to closed678

reclamation system679
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Figure 1.30: Schematic of the gas system.
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Figure 1.31: Three dimensional engineering model of the gas system piping.
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4. Pressure relief for fire or other emergency condition (to ASME std.) - vent to680

closed reclamation system681

5. Maximum leakage, EXe through seals (total combined) - 100 gm/yr682

6. Maximum loss, EXe to atmosphere - 10 gm/yr683

7. Accomodate a range of gasses - EXe, DXe, N2, dry air, Ar, 95N2/5H2, EXe/TMA,684

EXe/CF4685

8. Circulate all gasses through detector- 10 SCM/min in axial flow pattern686

9. Purify EXe continuously - inlet condition to be < 1ppb O2, CO2, N2, CH4,687

THC<1ppt Ra688

10. Pull vacuum 1*10−6 torr at vessel port689

11. Provide 1 bara N2 to PMT enclosure system690

12. Provide gas circulation of 1 SCM/min through annulus691

Figure 1.32: Schematic for the re-circulation pump.

The general schematic of the gas system is given in Figure 8.1. A 3D model is shown692

in Figure 8.2. The re-circulation pump, vacuum pump and cold traps are not shown.693
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The most vulnerable component of the gas system is the re-circulation pump. The694

enriched 136Xe used in NEXT 100 project is very expensive and therefore the pump to695

move the gas through the re-circulation loop must have sufficient redundancy to minimize696

the probability of failure and leakage. Furthermore, to preserve the purity of the gas697

all metal to metal seals must be used. A pump manufactured by Pressure Products698

Industries 1. This pump is made with metal-to-metal seals on all the wetted surfaces.699

The gas is moved through the system by a triple stainless steel diaphragm. Between700

each of the diaphragms there is a sniffer port to monitor for gas leakages. In the event701

of a leakage automatic emergency shutdown can be initiated (Figure 8.5).702

Figure 1.33: Example of the re-circulation pump chosen for the Xe purification gas
system. This is a triple stainless steel diaphragm pump capable of 200 slpm flow rates.

In terms of redundancy and reliability the estimate time time between failures during703

continuos operation per diaphragm is in excess of 40 years. Therefore this is a very safe,704

clean and reliable pump with a nominal maximum flow rate of 200 standard liters per705

minutes.706

MicroTorr cold getter model number MC4500-902FV has been chosen as the purifi-707

cation filter for the Xe gas. Capable of removing electron negative impurities to less than708

1 ppb the model chosen has a nominal flow rate of 200 standard liters per minute well in709

excess of the required flow rates for NEXT-100 offering sufficient spare capacity. The gas710

system will contain two such getters in parallel with a bypass. This configuration has711

been developed and used by the smaller gas systems operating at UNIZAR and IFIC.712

The second spare getter is placed in parallel in the event of accidental contamination of713

one of the getters allowing uninterrupted running. The ability to bypass the getters will714

allow the testing of the purification of the gas and aid in diagnostic and monitoring of715

the gas system.716

1http://www.pressureproductsindustries.com/compressors/diaphragm compressors.html
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As the xenon gas that will be used in the NEXT-100 is expensive an automatic717

recovery system will be needed to evacuate the chamber in a case of an emergency718

condition. We are discussing the solution has been proposed by the LUX collaboration719

where a permanently chamber cooled by liquid Nitrogen will be used.720

We have identified two primary conditions to trigger automatic evacuation. The721

first condition is an overpressure that could potentially cause an explosion. Because the722

gas system for NEXT-100 will be operated in a closed mode the overpressure condition723

could occur only under two possible conditions. The first is during the filling stage of724

the operation, when the system is being filled with gas and the second in the case of725

thermal expansion of the gas due to laboratory fire. In the case of overpressure we726

will have an electromechanical valve, activated by a pressure switch, that will open a727

pipe from the NEXT 100 chamber to a permanently cold recovery vessel. This will728

then cryo-pump xenon into the recovery vessel, causing the gas to freeze in the recovery729

tank. In the event of the electromechanical valve failing, a mechanical spring-loaded730

relief valve, mounted in parallel to the electromechanical valve, would open and allow731

the xenon to be collected in the recovery vessel. As a final safety feature in case both the732

electromechanical and spring-loaded valves fail a bursting disk, also mounted in parallel733

to the electromechanical and spring-loaded valves, will burst connecting the NEXT 100734

chamber with the recovery vessel causing the gas to be thus evacuated.735

The second emergency condition would be detected as under-pressure indicating a736

leak in the system. Such condition would require evacuation of the NEXT 100 chamber737

to prevent losses of gas. If this is detected an electromechanical valve sensing under-738

pressure will open and evacuate the xenon into the recovery vessel.739

Figure 1.34: Example of a Xe cold trap.

As the recovery vessel is to be used for safety there cannot be a valve to close once740

the emergency recovery has been completed. Therefore in the event an automatic system741

is triggered a signal will be sent to an operator to arrive at the laboratory to supervise742

post recovery procedures. The aim of post recovery is to move the collected xenon743

from the recovery vessel to a closable gas bottle for future purification and use once744
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the problems that caused the emergency conditions have been rectified. This operation745

must be conducted by the responsible person and would involve cryo-pumping the gas746

collected in the recovery vessel into a stainless steel bottle which will be valved off post747

transfer.748

The same system can be used for controlled recovery of xenon if work needs to be749

done on the NEXT-100 chamber.750

The other condition that may trigger xenon reclamation is leaking through porous751

seals into the vacuum or a buffer gas. For instance in the design for the energy plane (see752

chapter 5) xenon could leak through the photomultiplier enclosure (can). If this happens753

the use of a cold trap as one shown in Figure 8.11 would permit to recover the gas. The754

mechanism is simple: a liquid at the xenon freezing temperature circulates through the755

double concentric coils seen in the figure and then freezes the gas as it circulates through756

the trap. Periodically the trap will be heated to evaporate the trapped 136Xe into the757

holding vessel for re-purification. In the specfici case of a leak inside the cans of the758

energy plane the gas will be recovered by continuously vacuum pumping the system759

through the cold trap.760

1.7 Shielding761

In our CDR we described two shielding possibilities, a water tank and a water-lead-762

copper shield. In this TDR we present our final choice. We have chosen a simple763

structure made of lead and copper primarily on the grounds of safety and easy access.764

Access to all the critical systems for improvement, repair or regular servicing, which we765

expect will be frequent during the first year of operation, is much easier if the detector is766

not immersed in liquid. In addition one avoids HV cables and high-pressure pipes inside767

the water.768

At the same time, the shielding structure that we have designed (a.k.a. lead castle)769

presents significant difference with respect to that proposed in the CDR. As for the PV,770

we have simplified the design (e.g, eliminating the water bricks), changed to horizontal771

axis, and coupled the castle to a working platform (following a requirement of the LSC)772

and a seismic structure. The lead castle and the seismic structure thad holds the detector773

are independent, to allow seismic oscillations in the event of an earthquake.774

Figure ?? shows a 3D view of the whole structure. The most important systems are:775

a. The apparatus, described in chapter 4.776

b. The shielding structure, a.k.a. lead castle made out of lead bricks and terminated777

by a copper sheet.778

c. The platform holding the vessel, mounted on a seismic structure.779

d. The platform.780

e. The gas system, described in chapter 8.781
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Figure 1.35: NEXT-100 lead castle and platform at the LSC
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f. The xenon expansion tank also described in chapter 8.782

g. Power and DAQ racks.783

h. Other devices (e.g, slow controls).784

i. Gas and cable pipes (not show in the figure).785

In this chapter we present an integrated design of the working platform (WP), the786

seismic structure to hold the detector (a.k.a. detector pedestal, DP) and the lead castle787

(LC) itself.788

Figure 1.36: Top view of the layout

Figure 9.2 shows a top view of the layout, with dimensions. The platform has a789

squared shape, with dimensions of 11 × 11 m2 meters and useful surface of 112 m2. It790

includes a safety area with a length of about 2 meters to provide clear access in case of791

an emergency.792

The DP, WP and LC are composed of modular and standard elements which will793

be manufactured by a supplier. All beam welding and most of the bolting will be done794
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outside the LSC hall. Pre-assembled elements will be transported to the LSC, cleaned795

when necessary (e.g, the lead bricks) and assembled in place, according to a procedure796

previously tested at an external workshop.797

Figure 1.37: Three-dimensional view of the seismic structure (a.k.a. detector pedestal,
DP)

The DP is shown in Figure 9.3. It is anchored to the pool ground and supports798

all the weight of the detector and the LC. The WP shown in Figure 9.5 is designed to799

stand a uniform load of 300 kg/m2 and a concentrated load of 200 kg/m2.The platform800

is anchored to the pool ground and to the pool walls. Notice that the WP and the DP801

structured are independent to allow seismic displacements in the event of an earthquake.802

The platform floor tiles are made of galvanized steel and have standard dimension to803

minimize cost. All beams and pillars of the WP are designed with IPE and HEB cross804

sections, IPE-100 for pillars, HEB-240 for seismic beams and HEB-500 for main seismic805

beams.806

The movable lead castle has two position: opened, as shown in Figure 9.5 and closed,807

as shown in Figure 9.6. The open position is used for the installation and service of the808

pressure vessel. The closed position is used normal operations. The LC itself is made809

of two halves mounted on a system of wheels that move on tracks with the help of an810

electric engine. The system includes a lifting device and a lock for each wheel. The811

lifting devices elevates all the wheels from 5 to 10mm above the guides. Once in the812

desired position the lock fixes the movable lead castle to the seismic structure, both in813

the open and in the closed position, to avoid seismic displacements during an eventual814

earthquake.815
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Figure 1.38: View of the DP holding the pressure vessel and movable lead castle
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Figure 1.39: WP and DP with the lead castle opened.

A top view of the lead castle is shown in Figure 9.7. The lead wall has a thickness816

of 20 cm and is made of fours layers of staggered lead bricks and copper or steel sheets.817

The lead bricks have standard dimensions (200× 100× 50 mm3, and, by requirement,818

an activity in uranium and thorium less than 0.4 mBq/kg respectively.819

A copper wall, made of copper sheets was designed to further attenuate the residual820

activity emanating from the lead and to provide structural support. The thickness821

shown in Figure 9.7 is 10 cm. However, with the introduction of the inner copper shield822

inside the pressure vessel the thickness of the external copper shield can be considerably823

reduced, and even eliminated (in reality we have simply moved it inside the PV). Instead824

we will use a radiopure SS sheet (from the same batch used to build the detector), 1 cm825

thick, to provide structural support to the whole system.826

Work is underway, in coordination with LSC staff to refine and complete the design827

of each relevant element, and the integration of all the systems.828
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Figure 1.40: Three-dimensional view of lead castle closed
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Figure 1.41: View of the lead castle
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Chapter 2829

Radiopurity and background830

model831

2.1 Control of material radiopurity832

A DBD experiment needs to be built of extremely radiopure components. To that end,833

we have conducted an initial compilation of the radiopurity of the materials expected834

to be used in the construction of NEXT-100. During the last six months we have also835

initiated a screening campaign that will continue during the next two years. We have also836

consulted the existing literature. Relevant materials for shielding, vessel, High Voltage837

and EL grids, detector components at the energy and tracking planes and others have838

been taken into consideration. This compilation is intended to:839

• The optimal selection of radiopure materials, identifying if possible, the provider840

or a model of the component giving the lowest activities. Information on previous841

measurements helps to establish fair priorities in the use of Ge detectors.842

• The construction on the NEXT-100 background model, providing reference activ-843

ities to normalize simulations.844

The techniques employed up to now for the radiopurity measurements performed for845

NEXT are GDMS (Glow-Discharge Mass Spectrometry) and germanium spectroscopy.846

GDMS measurements have been made by Shiva Technologies (Evans Analytical Group)847

in France; this method (very suitable for metals) is fast and requires only a small sample848

of the material, but as the output is only the concentration of elements, particular iso-849

topes are not identified and broken secular equilibrium in the chains cannot be detected.850

Ge spectroscopy measurements have been made at the LSC using a ∼1 kg detector851

operated by the University of Zaragoza and the ∼2 kg detectors from the laboratory.852

Results of all radiopurity measurements performed for NEXT are compiled at a853

database available for the collaboration by means of a web application [2], including all854

the available, relevant information.855
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2.2 Study of shielding materials856

Lead samples from different providers (Mifer, Tecnibusa and COMETA) have been screen857

by GDMS. Results are shown at rows #1-5 in Table 2.1. Specifications on radiopurity858

of COMETA lead (row #2) agree with the measured activities and offer <100 mBq/kg859

of 210Pb.860

Copper samples from different origins (Luvata company with both hot and cold861

rolling, Sanmetal company and electroformed copper at University of Zaragoza) have862

been screen by GDMS. Results are shown at rows #6-10 in Table 2.1.863

2.3 Study of vessel components864

Ti grade 2 (or grade 3) was considered to be very radiopure and as a consequence it was865

identified, in our CDR, as the material of choice to build the PV. Unfortunately, our866

investigations, so far, do not confirm an extraordinary radiopurity for various samples,867

measured by us or available in the literature. Specifically, we considered:868

• A sample from Nironit, grade 1, type A35, Titanium was measured for the XENON869

experiment using the GATOR detector at Gran Sasso Laboratory [7]. Results are870

shown at row #11 in Table 2.1.871

• A Ti sample coming from the batch used in the LUX cryostat (type CP1) was872

screened using different techniques and after undergoing different treatments. Qual-873

itative information on this sample was obtained also from PIXE (Particle Induced874

X-ray Emission) and RBS (Rutherford Back Scattering) analysis at the Centro875

Nacional de Aceleradores in Sevilla. Results are shown at rows #12-15 in Table876

2.1, together with the values provided by LUX collaboration for a 8-kg sample877

using Ge detector MAEVE (ORO) [8]. An important surface contamination was878

produced at some step when handling the sample; after polishing it, removing a879

thin layer of ∼0.5 mm, the high activity levels were dramatically reduced (com-880

pare results at rows #14 and #15 in Table 2.1) but results coming from different881

techniques are not fully compatible.882

• A sample of grade 2 Titanium coming from a Spanish provider, Titanio SMP1,883

has been screened with one of the 2-kg Ge detectors (GeOroel) of the Canfranc884

Underground Laboratory. It consisted of 8 1-mm-thick cylinders having a total885

mass of 121 g. A standard cleaning protocol was including:886

1. Diamond cut.887

2. Diamond-sanding to remove the titanium oxide surface.888

3. Cleaning with acetone (alcohol was avoided because it can affect the mechan-889

ical properties).890

1http://www.titaniosmp.com/
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4. Acid-detergent.891

5. Nitric acid-bat, to remove iron that may be on the surface without affecting892

the titanium).893

6. Back to clean with acetone.894

7. Saving in an hermetic plastic bag.895

Preliminary results are shown at row #16 in Table 2.1.896

• A sample of grade 2 Titanium from Titanium Metal Supply2, as the one used by the897

LUX Collaboration, has been screened at the Canfranc Underground Laboratory898

with detector GeOroel. It consisted of three cubes (50×50×50 mm3 corresponding899

to a mass of 0.57 kg each) and underwent the standard cleaning protocol fixed and900

described before. Preliminary results are shown at row #17 in Table 2.1.901

The conclusion of our initial investigations is that the uncertainties about the ra-902

diopurity of titanium samples are large. Therefore we have also investigated stainless903

steel, as an alternative to build the PV. We have explored the following samples:904

• One sample of type 304L from Pfeiffer has been screened using the Ge detector905

from University of Zaragoza at Canfranc. Results are shown at row #18 in Table906

2.1. Type AISI304L was also analyzed by Borexino [3].907

• Type 316L was studied using GDMS for the DRIFT experiment by UKDMC and908

results are reported at [16] and summarized at rows #19-20 in Table 2.1. Many909

samples of this type of steel were analyzed also at SNOLab [6] and results for one910

of the cleanest sample are quoted at row #21 in Table 2.1, but values up to one911

order of magnitude higher were also found.912

• Material referenced as austenitic 1.4571 (also 316L) has been extensively studied913

by GERDA and by XENON. Best values reported in Table 1 at [4] (measurement914

#7) are for stainless steel 316Ti supplied by Nironit, 1.5-mm-thick and used for the915

XENON cryostat wall; they are presented at row #22 in Table 2.1. Best results916

obtained by GERDA (sample #2) [5] are also quoted at row #23 in Table 2.1.917

According to these measurements, values or upper limits on activity at the level918

of even tenths of mBq/kg can be found for isotopes from the natural chains at the919

best case.920

• Samples of different types and suppliers have been analyzed by several experiments,921

like for instance at SNOlab (NA Stainless, Nironit, Swagelok, 316L) [6].922

The conclusion is that it appears possible to secure a batch of SS of less than 5923

µBq/kg. As discussed later, this activity is acceptable when an ICL made of 12 cm of924

copper is added.925

2http://www.titaniummetalsupply.com

52



We have also investigated the bolts, that will be made of Inconel. Samples of Inconel926

718 (diameter: 32 mm, height: 50 mm) and Inconel 625 (80×70×10 mm3) from the927

Spanish company Mecanizados Kanter3 have received the standard cleaning protocol928

and have been screened with one of the 2-kg Ge detectors (GeOroel) of the Canfranc929

Underground Laboratory. Preliminary results are shown at rows #25-26 in Table 2.1.930

Concerning the joints and gaskets we have investigated the literature, to find:931

PCTFE: EXO has screened a PCTFE sample, reported as “Saint Gobain supplied932

Daikin Neoflon PCTFE (Kel-F), M-400H, raw material” at measurement #50 at [9].933

Results are shown at row #27 in Table 2.1.934

Viton: a sample for O-ring seal was screened by EXO (measurement #154 at [9]).935

Results are shown at row #28 in Table 2.1.936

Electron beam, TIG or MIG are possibilities for the welding. A sample referenced937

as “Stainless steel TIG” from Harris Product Group has been screened at SNOlab and938

results are quoted at row #24 in Table 2.1. EXO has reported (measurement #6 at [9])939

the concentrations of Th and U after TIG welding on a copper sample: <9.8 pg/cm of940

Th, 10.2±3.4 pg/cm of U. A filler for TIG soldering, made of Ti grade 2 (diameter: 2941

mm) supplied by ETM company is being screened at Canfranc Underground Laboratory.942

2.4 High Voltage and EL grids components943

The main components of the field cage will be copper rings, resistors and peek. High944

density polyethylene could also be used.945

Peek: a sample (18 bars) from Sanmetal company has been screened using the Ge946

detector from University of Zaragoza at Canfranc. Values obtained are shown at row947

#29 in Table 2.1. Results from another measurement on peek presented at [10] are948

quoted at row #30 in Table 2.1.949

Resistors: surface mount precision plate resistors supplied by Finechem were screened950

by XENON (measurement #44 at Table 1 in [4]). Results are shown at row #31 in951

Table 2.1. SMD resistors from Farnell have been also measured at Canfranc with the952

Ge detector from University of Zaragoza and results are presented at row #32 in Table953

2.1.954

Polyethylene: samples of material to be used as neutron moderator in shieldings have955

been screened for different dark matter experiments; best results from EDELWEISS956

(supplier Plastiques du Rhone) presented at [16] and from XENON (supplier in2plastic,957

measurement #14 in Table 1 at [4]) are shown at rows #33-34 in Table 2.1. More results958

are available at [16]. Polyethylene insulator from cables has been analyzed by EXO and959

values from measurement #199 at [9] are quoted at row #35 in Table 2.1.960

The High Voltage feedthroughs will consist of a metal rod pressed into a plastic tube961

(Tefzel or FEP). Copper shields could be used.962

For the EL grids, the mesh will be made of stainless steel.963

The light tube will be made of Tetratex fixed over a 3M substrate, coated with964

TPB. ArDM has screened specifically PTFE Tetratex from Donaldson Membranes by965

3http://www.mecanizados-kanter.es/
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ICPMS [11]. Results are summarized at row #36 in Table 2.1. TPB from two different966

manufacturers have been measured at SNOlab [6] and results are presented at rows967

#37-38 in Table 2.1.968

Teflon: samples from many different origins have been screened in the context of several969

experiments (a compilation is available at the documentation page of the website [2]).970

• The cleanest one we are aware of is DuPont Teflon TE-6472, for which raw material971

has been measured by EXO using Neutron Activation Analysis (NAA) (measure-972

ment #43 in Table 3 at [9]); these results are summarized at row #39 in Table973

2.1.974

• GERDA has also reported results for a clean Teflon sample (Dyneon TF 1620) [12],975

quoted at row #40 in Table 2.1; at [13], where slightly different activities are976

reported for this PTFE, it is said that it was sintered on special request in a clean977

way by ElringKlinger Kunstofftechnik GmbH.978

2.5 Detector components979

2.5.1 Energy plane980

Different models of photomultipliers have been under consideration.981

• Hamamatsu R8520-406: many different batches of model R8520 have been982

screened in the context of the XENON100 experiment; an average of measured983

activities has been made using results in Table 1 at [4] (considering batches from 1984

to 17 excluding 3, 5 and 6) and is shown at row #41 in Table 2.1. Activities on a985

custom base for this PMT model are also reported at measurement #40 in Table986

1 at [4] and summarized at row #42 in Table 2.1.987

• Hamamatsu R7378A: activity is ∼50 mBq/PMT of 238U and 232Th [14].988

• Hamamatsu R11410MOD: XENON (measurement #38 in Table 1 at [4]) and989

LUX [15] have measured activities for this photomultiplier, quoted at rows #43-44990

in Table 2.1. Specifications provided by Hamamatsu for this model are also shown991

at row #45 in Table 2.1.992

Sapphire and quartz have been proposed as possible materials for the windows cou-993

pling PMTs to the vessel.994

Sapphire: sapphire crystals from different origin have been screened within the ROSE-995

BUD experiment; best results from [16] are summarized at rows #46-47 in Table 2.1.996

Sapphire windows have been measured by EXO (from Swiss Jewel Company, substrate997

for EXO high voltage resistors). Results obtained using NAA (measurement #155 in [9])998

are quoted at row #48 in Table 2.1.999

Quartz (or fused silica): different kinds of quartz have been screened by EXO (mea-1000

surements #61 to #67 at [9]) using NAA. One of the cleanest sample is Heraeus 2,1001

having activities reported at row #49 in Table 2.1.1002
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2.5.2 Tracking plane1003

The daughter boards for SiPM will be made of cuflon coated with TPB.1004

Cuflon: a circuit board made of cuflon was screened for the EDELWEISS experiment1005

and the results taken from [16] are shown at row #50 in Table 2.1. GERDA has reported1006

more stringent results for cuflon at [12], shown at row #51 in Table 2.1. A cuflon sample1007

was analyzed by ICPMS and Ge gamma spectroscopy at [17], and results are shown at1008

rows #52-53 in Table 2.1; even independent results for Cu and Teflon have been reported1009

from ICPMS.1010

For the mother boards, many different types of circuit boards from several providers1011

have been screened for different experiments, like EDELWEISS. Results taken from [16]1012

are shown at rows #54-62 in Table 2.1.1013

For SiPM Electronics, wires, digitizers, multiplexers, optical transceiver or optical1014

links are expected to be used. A collection of some measurements of radiopurity of con-1015

nectors, resistors, capacitors, wires,. . . was made and is available at the documentation1016

page of the website [2].1017

2.6 Others1018

Xe gas: activities of 238U and 232Th chains were estimated by means of βα (BiPo1019

sequences) and αα coincidences at the Gotthard experiment [18], being of 0.11 mBq/kg1020

of 238U and 0.02 mBq/kg of 232Th. Information on activities of 85Kr and 39Ar could be1021

deduced from the purity measurements performed for both natural and enriched xenon1022

by EXO200 [19].1023

Regarding the gas system, pipes and valves as well as temperature, pressure or flux1024

sensors located inside the shielding and moreover inside the vessel must be controlled.1025

Just as an example, the HF4000 CARTEN valve (∼47.7 kg), used for turbomolecular1026

pump and mostly made of 316L stainless steel, would be close to the vessel requiring1027

possibly to be inside a radiopure cap.1028

Materials for other elements of the experimental set-up still to be defined, like the1029

calibration or the slow control systems, should be also considered. Radiopurity of a huge1030

amount of adhesives (Araldite, Epoxy,. . . ) was made at [20].1031

2.7 Summary1032

Using the extensive information collected from the literature and our initial screening1033

measurements we can already construct a first background model for NEXT.1034

The two dominant sources of activity are the vessel system and the energy plane1035

system, since PMTs are considerably more radioactive that the cuflon boards that will1036

made the bulk of the activity in the tracking plane (notice that the FE electronics will1037

be shielded behind the ICS).1038

For the PV we consider 5 mBq/kg in the uranium series and 5 µBq/kg in the thorium1039

series as the maximum acceptable activity of the PV stainless steel. Taking into account1040
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the activity of LUVATA copper we believe that the activity of the ICS will be ∼101041

µBq/kg (possibly slightly more in the uranium series and significantly less in the thorium1042

series). The ICS will attenuate the activity of the PV by roughly a factor 100. Thus,1043

the residual activity from the PV will be about 50 µBq/kg. The total mass of the PV is1044

1.2 tons, and therefore the residual activity will be 60 mBq (in each of the series). The1045

mass of the ICS is 9 tons, resulting in 100 mBq of activity due to the uranium series1046

and possibly up to a factor 2 less in the thorium series.1047

The photomultipliers chosen for NEXT-100 are the R11410-10 (also called R11410MOD)1048

model from Hamamatsu. Their levels of activity are of the order of 3 mBq per unit in1049

the uranium series (U) and 2 mBq per unit in the thorium series (Th) There will be 601050

such PMTs, resulting in 180 mBq (U) and 120 mBq (T). This activity is comparable to1051

the ∼160 mBq from the PV+ICS system.1052

To complete our background model, we will continue our screening campaign, with1053

the following priorities:1054

• Intensive screening of stainless steel batches until we can identify one with accept-1055

able activity.1056

• Screening of R11410-10 PMTs, to check with our own measurements the informa-1057

tion existing in the literature.1058

• Screening of full DBs (with MPPCs soldered to the board and a layer of TPB) to1059

assess the total activity of the DB system.1060

• Screening of Inconel bolts.1061

• Screening of the selected gaskets and seals.1062

• Screening of resistors, capacitors and other electronic components as we identify1063

them.1064
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Chapter 31117

Next Project1118

3.1 NEXT Project1119

The NEXT project (NP) refers to the sharing, organization, coordination, tracking and1120

resource management of the different tasks related with the construction, commissioning1121

and operation of the NEXT-100 detector.1122

The NP defines the following main projects (there are a number of other projects1123

related with R&D for a future upgrade of the detector not listed here).1124

1. SHL: Design and construction of lead castle, seismic structure and working plat-1125

form.1126

2. PV: Design and construction of the NEXT-100 pressure vessel and inner copper1127

shield.1128

3. EL: Design and construction of the field cage, EL grids, Light Tube and High1129

Voltage feedthroughs.1130

4. EP: Design and construction of the energy plane enclosures and manifold.1131

5. TP: Design and construction of the tracking plane DBs and honeycomb support1132

structure.1133

6. PMT: Procurement and characterization of PMTs.1134

7. MPPC: Procurement and characterization of MPPCs.1135

8. FE-PMT: Front end electronics for PMTs.1136

9. FE-MPPC: Front end electronics for MPPCs.1137

10. GAS: Gas system.1138

11. DAQ: Data acquisition and online monitoring.1139
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12. SLW: Slow controls.1140

13. RPY: Screening of components, radiopurity measurements.1141

14. RAD: Radon depuration and monitoring.1142

15. OFS: Offline software (reconstruction, data processing).1143

16. ONS: Online software (DAQ, monitoring).1144

17. QLTY: Quality control.1145

18. MC: Monte Carlo simulation.1146

19. CAL: Calibration.1147

In addition, the NP defines the following super-projects (SP):1148

1. INF: Infrastructures: it includes the construction of lead castle, seismic structure1149

and working platform (SHL), the construction and installation of the gas system1150

(GAS) and radon systems (RAD), and the installation of miscellaneous services1151

(gas, water, clean tent).1152

2. DET: Detector: it includes the construction of the pressure vessel (PV), field cage,1153

EL grids, Light Tube and High Voltage feedthroughs (EL).1154

3. ENE: Energy plane: PMT procuration and characterization (PMT), construction1155

of the energy plane enclosures and manifold (EP), coating of PMT windows.1156

4. TRK: Tracking plane: MPPC procuration, construction, testing and coating of1157

DBs.1158

5. ELE: Front-end electronics for MPPCs and PMTs, DAQ.1159

6. SSS: Several software systems: It includes offline software (OFS), online software1160

(ONS), slow control (SLW).1161

7. BKG: radiopurity measurements (RPY) background model, Monte Carlo imple-1162

mentation of background model.1163

8. INT: Integration (includes interface between the shielding and the pressure vessel,1164

electrical services and gas services), as well as safety and risk analysis.1165

9. ANA: Services for analysis: It includes detector calibration (CAL) and quality1166

control (QLTY).1167

In the following sections we describe these projects in more details1168
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3.2 INT: Integration1169

Three closely related tasks during the construction phase of NEXT-100 are the techni-1170

cal coordination, the integration of the different systems at the LSC and the link with1171

LSC staff. Rather than nominating different persons we have decided to nominate two1172

technical coordinators (TC) that will share the three tasks. At the time of writing this1173

TDR NEXT-100 technical coordinators are I. Liubarsky, from IFIC and T. Dafni, from1174

UNIZAR. The INT project defines a group that includes the two TC, a coordinating en-1175

gineer from UdG for the shielding, a coordinating engineer from IFIC for the apparatus,1176

an a coordinating engineer from UPV for the electronics, in addition of the LSC staff.1177

3.3 INF: Infrastructures1178

The infrastructures super-project includes the construction of the working platform for1179

NEXT (a requirement of the LSC), the construction of the lead castle, gas system (includ-1180

ing recovery and emergency recovery) and radon system, and a number of miscellaneous1181

services: water, electricity, gases such as argon and nitrogen, working clean room (in1182

site) for detector maintenance) etc. Below we describe the three main projects in this1183

SP.1184

3.3.1 SHL: Design and construction of lead castle, seismic structure1185

and working platform1186

NEXT Project Management Plan

ENERGY

PMT Bases Production 6 months

PMT Front End Electronics 1 year

PMT Procurement and Characterization 1 year

Energy Plane

TRACKING

SiPM Procurement 8 months

SiPM Daughter Boards Production 1 year

TPB coating of SiPM Daughter Boards 1,5 years

SiPM Mother Board 10 months

SiPM Front End Electronics 1 year

Tracking Plane

Data Aquisition System 1,17 years

DAQ

Vessel

Pressure Vessel Design 6 months

Pressure Vessel Production 7 months

Field Cage 8 months

Detector Assembly 3m

Detector Completion

Shield

Lead Castle Design 7 months

Seismic Study Design 7 months

Tender 3m

Construction of LC and SS 6 months

Lead Castle completed

Integration 1,75 years

LAB Ready

SOFT 3 years

Radiopurity 6 months

Quality Control 1,67 years

NEXT 100 Comissioning 4 months

NEXT 100 Ready

Future Upgratdes 2 years

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2
2010 2011 2012 2013 2014
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Figure 3.1: SLD project

The design of the three systems has been described in chapter 9 and chapter ??.1187

The project is jointly coordinated by UPV and UdG. This project requires very close1188

coordination with the LSC and thus involves heavily the two TC.1189

The project status in summarized in Figure 3.1. The design of the shielding, detec-1190

tor pedestal and platform has been completed by the NEXT collaboration, taking into1191

account our own seismic study and we are now interacting with LSC stuff to define the1192

final details of construction and installation. Constructive drawings should be available1193
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early in 2012 and tender for the construction of the platform could start no later than1194

February, 2012. We are also ready to proceed to the procurement and conditioning of1195

lead bricks. Construction of the lead castle can proceed at the same time than the1196

platform.1197

This project requires very close coordination with the LSC and thus involves heavily1198

the two TC.1199

None of the systems integrating this project were budgeted in the CUP proposal.1200

Thus funding other than CUP is needed to finance them.1201

3.3.2 GAS: Gas system1202

The design, construction and installation at LSC of the gas system is a join project1203

between UNIZAR and IFIC. The design of the gas system is now essentially completed,1204

and procurement of the parts has already started (chapter 8). The gas system will be1205

payed by CUP. The system needed in 2013 is almost identical to the systems developed1206

at UNIZAR and IFIC for the large NEXT prototypes, with the exception of the pump,1207

which will be triple diaphragm, all-metal seal. A suitable manufacturer for the NEXT-1208

100 pump has already been identified and the process of purchasing will start early next1209

year. The first version of the gas system will be operative no later than September 20121210

and gradual improvements will continue for about a year. Our goal is to have a system1211

ready for enriched xenon by mid 2013.1212

3.3.3 RAD: Radon monitoring and suppression1213

The design, construction and installation at LSC of the radon monitoring and suppres-1214

sion system is a UNIZAR project. Preliminary design of the system (which does not1215

need to be in place during initial operation) has also been described in chapter 8. Our1216

goal is to have a system ready by mid 2013.1217

3.4 DET: Detector1218

The detector super-project refers to the construction of the NEXT-100 apparatus itself1219

(chapter 4). It includes the construction of the pressure vessel and inner copper shield1220

(PV), and the electrical and optical system: field cage, EL grids, HVFT and light tube.1221

3.4.1 PV: Design and construction of the NEXT-100 pressure vessel1222

and inner copper shield1223

The PV project is jointly coordinated by LBNL and IFIC. Its status in summarized in1224

Figure 3.2. The design has been completed and the construction specifications, according1225

to the ASME norm have been defined. The project is now in the final phase of identifying1226

a suitable contractor to build the chamber (we have already identified two experienced1227

companies and will decide soon between them). Tendering should proceed no later than1228

February, 2012. The construction firms estimated 3 months as the needed construction1229
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Figure 3.2: PV+EL projects

time (the short construction time is possible thanks to the choice of stainless steel as1230

construction material). Allowing 2 months for contingency, the PV should be ready in1231

July 2012. We foresee stress and pressure tests during September and October at the1232

factory. The PV can then be shipped to the LSC by November 2012.1233

The cost of the chamber will be covered by CUP. The cost of the ICS was not foreseen1234

in CUP. Thus funding other than CUP is needed to finance it.1235

3.4.2 EL: Design and construction of the field cage, EL grids, Light1236

Tube and High Voltage feedthroughs1237

The design of the FC, EL grids, LT and HVFT has been described in chapter 4. TAMU1238

coordinates and is the main force behind this project. The group from Texas has built1239

the same elements for the NEXT-DEMO detector and has extensive experience in each1240

of the aspects involved. The design of the FC+LT is well advanced, and the HVFT will1241

be very similar to those already tested by NEXT-DEMO. Some R&D is still necessary1242

to decide on optimal solutions for the EL grids. However, all the relevant parts should1243

be built and shipped to LSC before the end of 2012, as shown in Figure 3.2.1244

The cost of the systems will be covered by US funds.1245

3.5 ENE: Energy plane1246

The energy plane super-project includes the procurement and characterization of the1247

PMTs, and the fabrication of the PMT enclosures, and central manifold.1248

3.5.1 EP: Design and construction of the energy plane enclosures and1249

manifold1250

The design and construction of the energy plane (Figure 3.4) cans and manifold has been1251

described in chapter 4. LBNL coordinates and is the main force behind this project.1252
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Figure 3.3: EP project

The design of the enclosures and manifold is essentially completed and prototypes are1253

being built. Our goal is to complete construction and testing of the full system before1254

the end of 2012.1255

The cost of the system will be covered by US funds.1256

3.5.2 PMT: Procurement and characterization of PMTs1257

The PMTs are being ordered by IFIC and payed using CUP funds. A testing proce-1258

dure to certify the response of the PMTs is under development at IFIC. Calibration of1259

the PMTs will be done in the detector itself, using light diodes to measure the single1260

photoelectron peak and thus the gain of each individual device connected to the full1261

electronics chain. However some 20% of the PMTs will be fully characterized also at the1262

IFIC laboratory.1263

3.6 TRK: Tracking plane1264

The tracking plane super-project refers to the procuration of the MPPCs, and the con-1265

struction, testing, coating and assembly of the DBs.1266
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3.6.1 TP: Design and construction of the tracking plane DBs and hon-1267

eycomb support structure1268
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Figure 3.4: TP project

Figure ?? shows the evolution of the TP project. The design of the NEXT-100 DB1269

is now under way at IFIC (which designed the DB for NEXT-DEMO). IFIC will also1270

design and build the honeycomb structure to hold the DBs.1271

The MPPCs will be delivered during a period of 7 months, starting in early 20121272

and at a rate of 1 000 a months. DBs will be fabricated and tested, at a ratio of about1273

15 a month during the same period. DBs will be shipped to IFIC once fabricated and1274

tested, for coating, final testing and quality certification and vacuum storage.1275

The cost of the MPPCs, tracking plane support structure and DBs will be payed by1276

CUP and by UAN.1277

3.7 ELE: Electronics and DAQ1278

3.7.1 Data acquisition and online monitoring1279

This project will be coordinated by UPV. The DAQ for NEXT-100 will be very similar1280

to the DAQ developed for NEXT-DEMO, which is currently working very well. It has1281

the advantage of being part of a large collaborative development in the contest of the1282

RD51 collaboration. Details of the final DAQ solutions together with the construction1283

plan will be defined in the second part of this TDR.1284

3.7.2 Front end electronics for PMTs1285

The design of the FE electronics and radiopure bases for the PMTs is a join project1286

between IFIC and LBNL. The FE electronics for the PMT will be very similar to the1287

FE electronics developed for NEXT-DEMO (chapter 6).1288
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3.7.3 Front end electronics for MPPCs1289

The design of low-background FE electronics for the MPPCs to be installed inside the1290

chamber is a join project between UPV and LBNL. The design is discussed in chapter1291

6.1292

3.8 Coating of DB, PMT enclosure windows and light tube1293

with TPB1294

This is a join project between IFIC, ICMOL and LBNL. IFIC has developed the expertise1295

to coat surfaces by evaporation. A precision evaporation machine available at ICMOL1296

allows the coating of DBs and sapphire windows, while the large evaporator, available1297

also at IFIC will be used to coat the light tube.1298

LBNL will be studying the technique of coating by polymer matrix containing TPB,1299

as an alternative (faster) solution for coating sapphire windows.1300

With the expertise available in both institutes, TPB coating can proceed on sched-1301

ule. DBs will be shipped from UAN once mounted and tested and cleaned, coated and1302

stored at IFIC. Sapphire windows will be coated by evaporation of polymer matrix be-1303

fore mounting them in the PMT envelopes. The light tube will be coated in the large1304

evaporator before final installation at LSC.1305

3.9 Screening of components, radiopurity measurements1306

The screening of materials for NEXT-100, including measurements at the LSC and1307

elsewhere, as well as the elaboration of the background model is a shared project between1308

UNIZAR and UAM, with the help of the LSC. The current status of the radiopurity1309

measurements and the initial background model for NEXT has been discussed in chapter1310

2. The UNIZAR group has a long experience in this area and has been leading the studies1311

so far. The UAM group, which has just joined NEXT has developed experience working1312

with Ge detectors in the context of the Super-Kamiokande (Gazooks) project and will1313

contribute to the intensive program of measurements and analysis.1314

3.10 SSS: Software1315

3.10.1 Offline software and quality control1316

The development of the offline reconstruction software and the Monte Carlo, including1317

the Monte Carlo model will be a join project between IFIC (reconstruction framework,1318

software tools, Monte Carlo toolkit), U. Santiago (reconstruction algorithms), U. A.1319

Nario (reconstruction, Monte Carlo background model) and U. Zaragoza (background1320

model). In addition, data quality control will be the responsibility of U. Santiago, U.1321

Aveiro and U. Coimbra.1322

70



3.11 SSS: ANA1323

3.11.1 Calibration1324

The development of calibration strategies (and equipment where needed) for NEXT will1325

be the responsibility of Iowa State University.1326

3.12 Slow controls1327

This project will be the responsibility of the groups of Coimbra and Aveiro.1328
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Part II1329

Technical chapters1330
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Chapter 41331

Pressure vessel and field cage1332

Main Cylindrical Vessel
Torispheric Heads

Energy Plane, PMTs
Cu Shield

PMT FTs

Vac. Manifold

HV/Press. relief/Flow/Vac. Ports
HV Cable Cu Shield Bars

F.C. Insulator
Field Cage Rings

Reflectors

Shielding, External, Cu on Pb

EL mesh planes

EL HV F.T.
Cathode Tracking Plane, SiPM

Cu Shield

Figure 4.1: The NEXT-100 apparatus.

We define the NEXT-100 apparatus (Figure 4.1, and Figure 4.2) as composed by the1333

following subsystems:1334

1. The pressure vessel (PV).1335
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Figure 4.2: NEXT-100, longitudinal cross section
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2. The inner copper shielding (ICS).1336

3. The field cage (FC).1337

4. The EL grids (ELG).1338

5. The light tube (LT).1339

6. The high voltage feedthroughs (HVFT).1340

In this chapter we describe the detailed design of each one of this subsystems. The1341

energy and tracking plane are described in a separate chapter devoted to sensors.1342

4.1 The pressure vessel and the inner copper shielding1343

Figure 4.3: Pressure Vessel/Detector, Side and End Cross Section Views

The design of the pressure vessel (PV) has undergone significants changes and sim-1344

plifications since the publication of the CDR. These are:1345
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• Vessel design simplified.1346

• Vessel axis changed from vertical to horizontal1347

• Vessel material changed from titanium to stainless steel.1348

• Inner copper shield added to attenuate the background coming from the vessel and1349

the residual background coming from the lead shield.1350

• PMT enclosures independent of the head.1351

The PV (Figure 4.2) consists of a cylindrical main section having near identical1352

torispheric heads on each end. Both heads are convex (as viewed from outside) and each1353

have two nozzles, one for for services (power and signal cabling) and the other for gas1354

flow/pressure relief. The PMT enclosures are independent from the head, and located1355

fully inside the vessel allowing for a much simpler head design. The vessel orientation1356

is horizontal, so as to minimize the overall height, which reduces the shielding cost and1357

allows essentially unlimited length on each end for cabling and service expansion.1358

The vessel supports all internal components, and the design is quite modular; one1359

head fully supports and contains the entire PMT system (energy plane), the other head1360

fully supports and contains the SiPM system (tracking plane), and the main vessel fully1361

supports and contains the field cage and mesh plane system. The drift section cathode1362

plane high voltage feedthrough is integrated into the energy plane head and makes1363

contact with the cathode plane when the head is assembled. The supports for these1364

internal systems are a set of internal flanges, one incorporated into each main flange (41365

total).1366

The simpler vessel design will significantly reduce cost, time, and risk in the fabrica-1367

tion; it is now very similar to a standard pressure vessel, which all qualified manufacturers1368

will be familiar with. The decoupling of the vessel from the internal systems allows us1369

to get an early start on the vessel fabrication, and allows for further refinement and1370

development of these systems, should this be necessary.1371

The vessel material is now 304L or 316L Stainless steel. There are several reasons1372

why we have abandoned titanium as construction material for the first version of the1373

NEXT-100 detectors. These are:1374

1. Measurements of the activity of several samples of titanium, carried out by our1375

collaboration as well as by other groups have not yield conclusive results, as shown1376

in chapter 2. Specifically, our requirements were a maximum activity in uranium1377

and thorium of the order of 100 µBq/kg, that would have resulted in a total PV1378

activity of about 0.4 Bq. Contrarily to our expectations none of the measured1379

sampled verified this condition, and most of them were found to have a level of1380

activity 3 to 10 times larger.1381

2. Conversely, existing measurements of stainless steel, in particular by the XENON1382

collaboration (see chapter ??) show that it is possible to secure SS with an activity1383

in the range of 1-2 mBq/kg, which is of the same order than the activity measured1384

in some titanium samples.1385
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3. While titanium has many attractive features, including its lightness and (for some1386

grades) its resistance to stress, it has also a number of disadvantages with respect to1387

SS, including: (a) a much higher cost, (b) more complexity in the fabrication pro-1388

cess, that eliminated many potential manufacturers and increased the construction1389

risks, (c) much restricted availability of parts, (d) more difficulties to accommodate1390

the ASME standards, and (e) more difficulties for the risk assessment study, since1391

titanium PV are way less common that SS PV.1392

Last, but not least, we realized that our shield design included a thick copper shield,1393

which was essential to attenuate the residual radiation arising from the external lead1394

shield. On the other hand, moving the copper shield inside the PV has the obvious1395

benefit of reducing the copper surface needed (thus the total mass, and therefore the1396

cost), and in addition it attenuates the activity arising from the PV by two orders of1397

magnitude. Consequently we decided to follow the approach taken by the XENON1398

collaboration and fabricate a reasonably radiopure stainless steel vessel lined with an1399

inner copper shield (ICS).1400

It appears feasible to obtain 304L/316L stainless steel of an activity less than ∼51401

mBq/kg in the uranium and thorium series. After the ICS the residual activity would be1402

reduced to some 50 µBq/kg, for a total vessel mass of 1.2 tons, which is also lighter than1403

in the titanium vessel version (in spite of the higher density of SS) due to the elimination1404

of the heavy service flanges. Thus the residual activity due to the PV (after the ICS)1405

is smaller than 0.1 Bq. One needs to ad the residual activity of the ICS itself which is1406

also smaller than 0.1 Bq (using copper of ∼10 µBq/kg, which is available from a number1407

of suppliers, see chapter 2). Thus, the resulting activity of the whole system is smaller1408

than that foreseen in the CDR.1409

The ICS will be made of straight copper bars, and where relevant flat plates, which1410

are straightforward to fabricate. It does not introduce any significant complication in1411

the design.1412

The basic parameters and dimensions of the pressure vessel are shown in table 4.1.1413

The vessel will be built strictly to ASME pressure Vessel Design Code, sec VIII.1414

4.1.1 Sealing1415

All pressure sealing flange joints that are exposed to atmosphere on the outside are1416

sealed using double O-rings in grooves. The inner O-ring is for pressure sealing; the1417

outer O-ring serves not only as a backup, but also to create a sealed annulus which can1418

be continuously monitored for leakage by pulling a vacuum on it with an RGA monitor1419

(sense port). Figure 4.1.1 shows a cross section detail of the head to vessel flanges; nozzle1420

flanges are similar.1421

Xenon will permeate (very slowly) through these O-rings and will need to be recov-1422

ered by a cold trap (see below). The total amount, using butyl O-rings is estimated to be1423

<200 gram/year. This may be even further reduced by using an ultra-low permeability1424

polymer such as PCTFE.1425

Double O-ring seals will also be used on the nozzle flanges, however, the flanges1426
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NEXT-100 Pressure Vessel Copper Shielding Bars

Main Cylindrical Vessel

Cu Shield Bars, 40x 70 kg. ea.

Fastened at Internal Flanges
Supported on Ends, low stress, no vessel contact

D. Shuman (LBNL) NEXT-100 Pressure Vessel, Nov. 1, 2011 November 2, 2011 7 / 20
Figure 4.4: The NEXT-100 ICS

Figure 4.5: Double O-ring/sense port detail
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Table 4.1: NEXT100 Pressure Vessel Parameters
Parameter qty units
Maximum Operating Pressure (MOP) 15.0 bar (abs)
Maximum Allowable Working pressure (MAWP) 16.4 bar (abs)
Minimum Allowable Pressure (external 1.5 bar (abs)
Inner diameter 130 cm
Outer Diameter, Vessel 131 cm
Outer Diameter, Flanges 147 cm
Length, inside shielding 2.22 m
Length, end to end, axial 2.85 m
Vessel and head wall thickness 10 mm
Head crown radius, internal 130 cm
Head knuckle radius, internal 13 cm
Flange thickness, head to vessel (both) 3.5 cm
Bolt Diameter, head to vessel flanges 14 mm
Bolt length, head to vessel flanges 9 cm
Number of Bolts, each head to vessel flange 150
Mass, Vessel and both heads 1200 kg
Mass, Copper shielding 9000 kg

welded to the pressure vessel will be flat faced, and the O-ring grooves and sense ports1427

will be added to an interface flange.1428

The central nozzle of the energy head (and possibly the tracking plane head) has a1429

CF flange (DN100) as it is not a pressure sealing surface; instead pressure is sealed by1430

the Central Manifold which bolts to the underside of this flange, inside the vessel. The1431

central manifold seals with a single O-ring as there is a vacuum inside which leads to a1432

large evacuated recovery cylinder, so any xenon leakage can be sensed and recovered in1433

a cold trap. Figure 4.1.1 The recovery cylinder is large enough to vent the entire vessel1434

of 15 bar such that the resulting pressure is no more than 1 bar absolute. The flange to1435

octagon joint is however strong enough to withstand the full 15 bar.1436

4.1.2 Bolting1437

The head to vessel flange bolts are Inconel 718; this is the highest strength noncorrosive1438

bolting material allowed in the ASME code and it appears to be reasonably radiopure1439

(chapter 2). Flange thickness and outer diameter are substantially minimized by using1440

highest possible strength bolting. The O-ring sealing also allows bolt tension to be1441

reduced from the CDR design, and these bolts can be tighten by hand using large1442

wrenches. There are 120 bolts per flange.1443
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Figure 4.6: Central Manifold/ Nozzle Flange Seal

4.1.3 Pressure Relief1444

Pressure relief is provided though one or more of the auxiliary nozzles. Currently the1445

energy plane head auxiliary nozzle is used and the port has a T-shaped interface to1446

allow gas flow/pressure relief function to coexist with the drift cathode high voltage1447

cable feedthrough. The auxiliary nozzles are designed to vent the pressure vessel to1448

the recovery cylinder under 1 minute or less. The auxiliary port will have a fast acting1449

pressure signal actuated high flow capacity pressure relief valve or burst disk on the1450

auxiliary port which vent to the recovery cylinder. Proper activation should vent the1451

vessel in approx. 1 minute, limiting loss of xenon through the broken feedthrough to1452

no more than 10% of total. Reaction force is considerable, about 10 kN. The nozzle1453

will require a rigid brace clamping it to the floor of the support frame, since the outside1454

shielding disallows the addition of bracing gussets between the nozzle and the head shell.1455

Apart from this, it is required to have a passive relief valve as well, this will also1456

vent to the evacuated recovery cylinder. This valve is of a smaller flow capacity, since1457

the only known condition creating an overpressure would be a fire in the LSC hall or1458

broken supply regulator. We have only a limited amount of xenon, so a broken regulator1459

cannot create an overpressure condition. Sizing for fire, using API methodology a 1 cm1460

diameter vent line is required. Reaction force for this condition is very small.1461

The vessel and detector are mounted on a movable seismically isolated platform, and1462

they connect to the recovery cylinder which is too large to share space on the seismic1463

platform, which must be mounted to the LSC hall floor. There can be relative motion of1464

up to 100 mm between the platform and the LSC hall, so the connection to the recovery1465

cylinder, will be by a pressure rated flexible couplings. The piping ends of the recovery1466

cylinder also need to be rigidly braced to the LSC hall floor.1467
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4.1.4 Assembly1468

The central cylindrical vessel will be bolted through the shielding floor to the seismic1469

platform below. Footings will be welded to the vessel wall, as is standard practice. The1470

heads will be attached to movable carriages that slide on precision rails bolted to the1471

floor.1472

4.1.5 Vessel Construction1473

The vessel will be fabricated following the ASME standards. In particular, welding will1474

be done using the gas tungsten arc (GTAW) process. particular care will be take to1475

avoid use of thoriated tungsten electrodes, (and guns used with such).1476

To assure that the high dimensional tolerances are achieved, particular care in the1477

construction sequence will be made, in particular, several stress relieving treatments will1478

be required, some or all of them a full solution anneal (driving all carbides back into1479

solid solution). Details will be worked out with the manufacturer, and specified in the1480

User Design Specification, (available in the NEXT web page).1481

4.2 Field Cage, EL, HVFT and LT1482

Parameter Value
E/P 3.0 kV*cm -1*bar-1

Drift field 0.3 kV/cm
Pressure 15.0 bar
EL grid gap 0.5 cm
Drift length 127 cm
Gate grid voltage -22.5 kV
Anode grid voltage 0
Cathode voltage -58 kV
Optical gain 2500 photons/e-

Table 4.2: NEXT-100 EL grid parameters

The NEXT-100 field cage (FC) is shown in Figure 4.7 and the EL parameters are1483

shown in Table 4.2. The main body of the FC will be a high density polyethylene1484

(HDPE) cylindrical shell with a 2.5 cm wall thickness. The drift region will consist of1485

OFHC copper strips connected with low background resistors. There is also a buffer1486

region between the cathode and PMTs which will be used to degrade the high cathode1487

voltage safely to ground. Figures 4.8 shows the field lines defining the fiducial volume1488

in the drift region of the TPC. Using the parameters in Table tab.TL, the electric field1489

varies <3% across the fiducial volume. The light tube will consist of thin sheets of1490

TetratexTM (TTX), fixed over a 3MTM substrate. The TTX will be vacuum coated with1491
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Figure 4.7: NEXT-100 Field Cage

tetraphenyl butadiene (TPB) wavelength shifter to maximize the light yield. The ArDM1492

collaboration has measured a reflectance coefficient at 430 nm close to 97% for a wide1493

range of coating thicknesses. In addition, the light yield measurements showed no aging1494

effects (see chapter 7 for more details).1495

4.2.1 High Voltage Feedthrough1496

The cathode high voltage feedthrough (HVFT) will be constructed using a compression1497

seal approach as illustrated in Figures 4.9 and 4.10. A metal rod is pressed into a plastic1498

tube (Tefzel or FEP, which have a high dielectric strength) which is then clamped using1499

plastic ferrules from both the pressure side and air side. A sniffer port is placed between1500

the seals to assure that xenon is not leaking. The feedthrough will be attached to a1501

flange located on the energy plane end-cap. A shielded cable will be connected to the1502

feedthrough and placed through the PMT support plate. The unshielded portion of the1503

cable, with an additional resistive coating, will then run along the inside of the buffer1504

field rings and mate with the cathode via a spring loaded junction. This approach, with1505

the exception of the resistive coating, has been used in NEXT-DEMO, where a cathode1506

voltage of 45 kV has been achieved. A smaller prototype was tested to 100 kV in vacuum1507

and 70 kV in nitrogen at 3 bar. It has been demonstrated to be leak tight at 10 bar1508

xenon and 10-7 mbar vacuum.1509
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Figure 4.8: Electric field lines (red vertical lines) and equipotential contours are shown in
a 50 cm section of the drift region. The lines are fairly uniform starting from a distance
of approx. 2 cm from the field cage inner wall surface.

Figure 4.9: Cathode high voltage feedthrough (HVFT) designed for up to 100 kV oper-
ating voltage.
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Figure 4.10: Cathode HVFT used in NEXT-DEMO.

Figure 4.11: EL grids used in NEXT-DEMO
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Figure 4.12: EL grids built for LUX by the Texas A&M (TAMU) group
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4.3 Electroluminescent Grids1510

Figure 4.11 shows the electroluminescent (EL) grids built for the NEXT-DEMO proto-1511

type. The grids were constructed using a stainless steel mesh with pitch 0.5 mm and1512

wire diameter 30 microns, which results in an open area of 88%. The grids are formed1513

by clamping in a ring with a tongue and groove to hold the mesh and using a tensioning1514

ring that is torqued with set screws to achieve the optimum tension. One important1515

issue is that for the large diameter required in NEXT-100, preliminary estimates show1516

that electrostatic attraction will cause the EL grids to bow considerably. This can be1517

remedied by using a larger gauge wire. For example, a wire mesh is available with 901518

micron wire diameter made from titanium with a similar open area. We are also investi-1519

gating the use of titanium or copper grid frames to minimize the radioactive budget. In1520

any case, the TAMU group, responsible of the design and construction of the NEXT-1001521

grids has already built the LUX grids (Figure 4.12) which have similar size en spacing.1522
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Chapter 51523

Sensors1524

5.1 The energy plane1525

5.1.1 Choice of the photomultiplier1526

The photomultipliers chosen for NEXT-100 are the R11410-10 (also called R11410MOD)1527

model from Hamamatsu (Figure 5.1). This are large tubes, with a 3” photocathode and1528

low levels of activity of the order of 3 mBq per unit in the Uranium and 2 mBq per unit1529

in the Thorium series, the only relevant backgrounds for NEXT (Figure 5.2). The QE1530

of the R11410-10 model is around 25% both in the VUV and in the blue region (Figure1531

5.3).1532

5.1.2 PMT coverage1533

The PMT’s have a double function in NEXT. They are used to detect the fast scintillation1534

signal (S1) needed to localize the event in the z coordinate and they measure the total1535

energy of the event. Therefore they have to count enough fast scintillation photons to1536

establish unambiguously the existence of a S1 signal, and they have to count enough1537

secondary (EL) photons per primary electron as to minimize the contribution of the1538

sensor (e.g., compared to the Fano factor) to the energy resolution.1539

Let’s first consider the detection of scintillation light. The number of photons that1540

arrive to the PMT housing windows depend of the properties of the reflector as well1541

as the transparency of the EL grids. Our simulation shows that a light tube of 90%1542

reflectivity (e.g., TTX coated with TPB) will transfer 9% of the primary VUV photons1543

to the energy plane.1544

Assume now that an event is produced near the EL grids (the worst scenario for the1545

detection of primary scintillation light with the cathode PMTs). The number of primary1546

scintillation photons produced per MeV is 13158 [7]. The number of photoelectrons (pes)1547

detected by the PMTs at the cathode is then:1548

(13158 photons/MeV )× C × TR × TW ×QE
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RI Level for R11410MOD

Expected RI level : 10~30 mBq/PMT

Estimated RI level
< Unit : mBq/PMT >

Materials Weight (g) 40K U Th Co60 Sub Total

Quartz Faceplate 35 0.0 0.2 0.4 0.1 0.7
Metal Bulb 95 5.7 2.9 1.0 3.5 13.1

Stem (ceramic) 25 0.0 0.0 0.7 5.5 6.2
Insulating Plates 16 0.0 0.1 0.2 0.0 0.3

Electrodes 31 0.0 0.1 0.0 0.0 0.1

Total 202 5.7 3.3 2.3 9.1 20.4

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Picture of R11410MOD (1)

Ceramic Stem

Ceramic

Koval Metal

Cu Pipe

Front view of
R11410MOD

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Picture of R11410MOD (2)

Ceramic Stem

Ceramic

Koval Metal

Cu Pipe

Back view of
R11410MOD

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Comparison between 2 Types

R11410MOD

Ceramic Stem Koval Leads

R11410

Glass Stem

Figure 5.1: The Hamamatsu R11410-10 phototube. This is a large PMT, 3” in diameter,
with an average radioactivity of 3.3 mBq for the U chain and 2.3 mBq for the Th chain.
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Figure 5.2: Activity of the R11410-10 phototube.
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Electrical Characteristics
Items R11410 R11065

Suitable Experiment Liq. Xe Liq. Ar
Operating Temp. ~ -110 deg C ~ -185 deg C

Photocathode Low Temp. Bialkali Low Temp. Bialkali
Spectral response 160~650 nm 200~650 nm

QE at interest 26% at 175 nm 25% at 420 nm
Dynode Structure

Gain
Rise Time

Transit Time
TTS

Pulse Linearity
6.5 ns typ.

20 mA typ. at +/- 2% dev.

Box & Line, 12-stage
5E+06 typ. at 1500V

5.5 ns typ.
46 ns typ.

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Typical QE Curve
R11065 & R11410 Spectral Response Characteristics
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Figure 5.3: QE of the R11410-10 phototube.

89



where C is the cathode coverage, TR is the reflector transfer function (0.09), TW is the1549

housing window transfer function (0.4 for a sapphire window coated with TPB) and1550

QE is the PMT quantum efficiency (0.25). We obtain then:1551

(13158photons/MeV )× C × 0.09× 0.5× 0.25 ∼ 1.5× C (pes/keV )

for a signal of 10 keV NEXT detects, therefore, 15 × C pes. A coverage of 30% results1552

in 5 pes. PMTs can count single photoelectrons. A signal with 45photoelectrons can be1553

identified by our pattern recognition program with an efficiency larger than 95%. Thus,1554

C = 0.3 allows to detect S1 in the full ββ spectrum, and in fact it allows to looks for1555

weak signals such as those expected for WIMPS.1556

Consider now EL light. As shown in our CDR [7] we need about 10 pes per primary1557

electron to optimize resolution at Qββ . The optical gain of NEXT-100 is near 2 × 103.1558

The number of pes per electron for 35% coverage and 90% reflector is:1559

3× 103 (photons/electron)0.3× 0.09× 0.5× 0.25 ∼ 10.1 (pes/electron)

Thus, a coverage of 30% is sufficient for NEXT-100 purposes. This can be achieved1560

by an energy plane with 60 PMTs.1561

5.1.3 PMT enclosures1562

The R11410-10 has been developed for use in cryogenic noble liquid detectors for dark1563

matter searches and cannot resist high pressure. Therefore the PMTs will be housed in1564

pressure-resistant enclosures.1565

These enclosures (a.k.a. cans) are shown in Figure 5.4. The concept is similar to1566

that shown in the CDR. but they are no longer welded into the torispheric head as in1567

the original design. Instead, both the pressure vessel and the PMT system are simplified1568

by moving the enclosures fully inside the vessel. This allows the PMT system to be1569

developed independently of the vessel. The cans are now mounted into a single carrier1570

plate which itself is then attached to an inside flange of one head of the pressure vessel.1571

The enclosures are fabricated from grade 1 titanium pipe, having a sapphire window1572

on one end, and a simple cap on the other end. The sapphire window and back cap1573

are sealed to the enclosure using O-rings. The ends of the enclosure are threaded and1574

a screw-down ring is used to apply the sealing force. Special spanner wrenches are1575

used, and the threads on each ring are PTFE anodized to prevent galling. This has the1576

advantage of maintaining a smaller profile and may allow use of Titanium pipe instead1577

of bar stock. Leakage thorough O-rings (total for 60 cans) is calculated to be no more1578

than 300 grams per year which will be recovered using a cold trap in the vacuum system,1579

as described in chapter 8.1580

Furthermore, tests are underway to see if a Helicoflex metal gasket (C-ring) can seal1581

against the sapphire without damage; if so, a lower leak rate will be advantageous. Grade1582

1 titanium shows acceptable radiopurity, which we estimate of the order of 300 µBq/kg,1583

in both the uranium and thorium series. Required wall thickness for pressure is 2mm;1584

the actual wall thickness is 5mm. The weight of each can is 1.5 kg, and therefore we1585
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Figure 5.4: A PMT inside its enclosure.
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expect them to contribute about 0.5 mBq per unit to the radioactive budget. This is to1586

be compared with ∼3 mBq/unit emanating from the PMTs themselves. The titanium1587

batch from which cans will be fabricated will be of the order of 100 kg and will be1588

carefully screened to select the lowest possible background.1589

The windows are inserted from the front side and the PMT is inserted from the1590

backside. This is required in order to use pipe, as there is an internal flange for the1591

window to bear against, containing the O ring groove. This apparent disadvantage has1592

an advantage: the window may be replaced without affecting the PMT and vice versa.1593

The PMT is optically coupled to the window backside using silicone optical pads of 2-1594

3mm thickness; use of grease is not advisable since any type of grit between the window1595

and the PMT face can scratch the window where tensile stress from pressure is highest,1596

leading to premature window failure (see window section below).1597

The PMT is held against the optical pad by a spring on the backside; this spring1598

(with PEEK interface collars) bears against a circlip held in a groove machined into the1599

ID of the enclosure. Thus the PMT can be installed independently from the base, and1600

the base can be serviced or replaced without disturbing the optical coupling of the PMT1601

to the window.1602

Cables from the PMT exit through a vacuum tight fitting into a copper tube that1603

serves as both a cable conduit and a vacuum port for the interior. Conduit fittings screw1604

into a welded-on boss in the side of the enclosure, this location allows the back cap to be1605

removed for PMT and base access without disturbing the conduit fitting. these bosses1606

are shown welded in at right angles to the enclosure axis.1607

5.1.4 Sapphire Windows1608

The sapphire windows will first be coated on one side with indium tin oxide to form1609

a transparent (410nm and above) conductive coating. The conductivity is required to1610

prevent electric field penetration into the PMT. Over this coating a layer of TPB is1611

evaporated, which will shift any direct light (EL or S1) to a wavelength that has high1612

transmission through the sapphire window and the optical coupling pad.1613

Sapphire is chosen over other possible radiopure materials such as Suprasil synthetic1614

quartz, due to its much higher strength; this allows a reasonable window thickness of1615

several mm which improves light acceptance. Finished window cost is lower than Suprasil1616

for equivalent strength and finish. One can find typical strength numbers for sapphire in1617

manufacturer’s literature, however, sapphire, like other brittle materials, has an actual1618

strength that is not only a function of the intrinsic material strength, but also a strong1619

function of the flaw content present (unlike ductile materials, like metals, where intrinsic1620

material strength is the primary determinant of actual strength). For windows stressed1621

in bending, where maximum tensile stress is highest at the surface, surface flaws are1622

more important than internal flaws, and the degree of polish has a strong effect on1623

strength. Also large windows show a reduced strength compared to smaller equivalents1624

since the chance of having a critical size flaw present goes up with increased (stressed)1625

area. Crack growth is the failure mechanism, as no ductility is present which can act to1626

blunt the crack tip. In ductile materials like metals, cracks primarily grow from cyclic1627
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stresses, but in ceramics, crack growth is primarily caused by the phenomenon of stress1628

corrosion cracking wherein the presence of moisture, in conjunction with high stresses1629

at the crack tip act to dissociate the atomic bonds, and cyclic stresses do not seem to1630

have a significant effect. The degree of polishing, and the size of the window, affect1631

the resulting strength to a significant degree, as crack growth rates are a function of1632

initial flaw sizes. Typically, the crack growth rate is slow until a critical size is reached1633

(at the given stress level), then growth rate accelerates quickly to failure. This crack1634

growth phenomenon is quantified using the methods of linear elastic fracture mechanics1635

(LEFM).1636

Window reliability against breakage is assured by following a two step method:1637

First we use LEFM to determining a test-to-actual pressure ratio that will assure1638

that any window which survives the test pressure for a short time, will not contain a1639

flaw large enough to grow at a rate that will lead to failure at the operating pressure1640

after a long time (10 years or more). We still need to determine an appropriate stress1641

level for our window. This is done by using the methodology of Weibull distributions.1642

We use the Weibull distribution methodology [?], [?], giving the probability of failure1643

as a function of applied stress and stressed area to determine a thickness whereby 95%1644

of all windows purchased will not fail at the test pressure. We choose this initial survival1645

probability as a balance between excessive test breakage and excessive window thickness.1646

We do not have a strong requirement to minimize thickness for optical transmission, and1647

window cost is dominated by polishing, not material cost. We gain further reliability by1648

specifying a finer polish (20/10) than the typical (60/40) scratch/dig which was used as1649

the basis of the published Weibull parameters. For more detail see the full document1650

available in NEXT web page.1651

5.1.5 Overview of the energy plane1652

A brief overview of the energy plane (Figure 5.5) system is as follows:1653

• The energy plane is made of 60 low-background, high-QE PMTs, model R11410-101654

from Hamamatsu.1655

• PMTs are sealed into individual pressure resistant, vacuum tight titanium enclo-1656

sures (PMT enclosure or can).1657

• The PMT cans are all mounted to a common carrier plate that attaches to an1658

internal flange of the pressure vessel head.1659

• Sapphire windows are secured with titanium screw-down rings and O-ring sealed to1660

the front end of the enclosure. A similar system seals the back side of the enclosure1661

• PMT bases are potted with heat conducting epoxy to flexible copper heat spreaders1662

which connect to the enclosures.1663

• PMT cables are enclosed in individual pressure resistant,vacuum tight tubing con-1664

duits.1665
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Figure 5.5: The full energy plane.
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• Conduits all lead to a central manifold. The central manifold is cantilevered from1666

the nozzle flange.1667

• PMT cables route through central manifold to 41 pin CF feedthroughs on a CF1668

octagon, outside the lead shielding.1669

• High vacuum(< 10−6 torr) is applied at octagon port; good vacuum (< 10−4 torr)1670

is maintained inside enclosures through conduits, well below Paschen minimum,1671

avoiding sparkover or glow discharge across PMT pins.1672

• A large vacuum tank buffer volume exists to limit pressure build in central manifold1673

in case of sapphire window failure (avoids Super-K chain reaction failure mode).1674

Xenon permeation through seals is recovered with a cold trap.1675

• Vacuum inside enclosure requires good thermal management, base cooling is by1676

conduction into enclosure through a special low force heat spreader plate.1677

• PMT Modules are clamped into copper heat conduction flanges attached to the1678

copper carrier plate.1679

• Heat is carried to pressure vessel flange by conduction through copper carrier plate;1680

7 C total temp rise.1681

• Carrier plate and central manifold can be electrically (but not thermally) isolated1682

from the pressure vessel, to allow the PMTs to be operated with cathodes at full1683

negative voltage, with anodes and signals at low voltage1684

• Alternately, the cathodes can be grounded, and the anodes and signal run at high1685

positive voltage using only the central 21 pins of each 41 pin feedthrough, to avoid1686

flashover.1687

This design requires a vacuum inside the enclosure, so as to detect the presence of any1688

xenon leakage. Without vacuum the enclosure would eventually pressurize and destroy1689

the PMT. The primary concern with vacuum is possible flashover across the PMT pins;1690

this is avoided by maintaining enough conductance through each conduit (with cable1691

inside) in conjunction with a high vacuum in the central manifold to keep enclosure1692

pressure several orders of magnitude below the Paschen minimum (for Xe).1693

We considered the alternative of backfilling the enclosure with inert gas such as1694

CO2 or N2, but this could be a source of contamination for xenon, and complicates1695

both recovery of xenon, and PMT to PMT pressure isolation. We also considered the1696

alternative of fully potting bases to PMTs but concluded this would reduce serviceabil-1697

ity and possibly increase background radiation. We also considered the possibility of1698

hermetically sealing each PMT and base into the enclosure, as this might be possible1699

using niobium enclosures which can be diffusion bonded to sapphire. This option entails1700

significant R&D to assure window seal integrity from pressure cycling. It also requires1701

the development of a radiopure electrical feedthrough, possibly also using niobium and1702

sapphire, since commercial feedthroughs with brazed alumina insulators typically show1703

high background radioactivity.1704
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Figure 5.6: Left: Single Photon Spectrum of Si-PM. Right: Gain of two Si-PMs Hama-
matsu S10362-11-025C measured as a function of the operative voltage.

5.2 The tracking plane1705

5.2.1 MPPCs1706

In NEXT the tracking function is provided by a plane of multi-pixel photon counters1707

(MPPCs) operating as a light-pixels and located behind the transparent EL grids. The1708

MPPCs will be manufactured by Hamamatsu and the chosen model is S10362-11-050P.1709

This small device has an area of 1mm2, 400 pixels per sensor and very large particle1710

detection efficiency (PDE) in the blue region (∼ 50%). It is very cost effective (less1711

than 12.5 euros per unit for large orders) and its activity is expected to be low, given its1712

composition (mainly silica).1713

A multi-pixel photon counter (MPPC), also called silicon photomultiplier (SiPM) is1714

a photon-counting device consisting of an array of APD pixels operating in Geiger mode.1715

Each APD of the MPPC array outputs a pulse signal when it detects one photon. The1716

signal output from the Si-PM is the sum of all the APDs in the array.1717

The gain of a MPPC is very high, of the order of 105−106. Figure 5.6 (left) shows the1718

typical Single Photon Spectrum (SPS) response of these devices when are illuminated1719

at low intensity with a 400 nm LED’s. Figure 5.6 (right), shows the linear dependence1720

of the gain of these devices with the bias voltage.1721

5.2.2 Dice Boards (DB)1722

The MPPCs will be mounted in Dice Boards (DB). This are square boards made of1723

cuflon (PTFE fixed to a copper back plane). Figure 5.7 shows on of the DB of the1724

NEXT-DEMO prototype, each one holding 4×4 pixels. NEXT-100 DB will be similar,1725

but containing 8×8 pixels.1726

In NEXT-DEMO, the DB are fixed to a Mother Board (MB) (Figure 5.8). In NEXT-1727

100, the DB will be fixed to a light honeycomb structure and connected directly to the1728

FE electronics (Figure 5.9).1729

Each DB is supplied with a common bias voltage. A dedicated setup was prepared1730
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Figure 5.7: Dice Board containing 16 (4×4) MPPCs

Figure 5.8: Left: Mother-Board with the front-end electronics on which center one of
the Daughter-Boards is connected. Right: MPPCs DB arranged following the structure
of NEXT-DEMO tracking plane.
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Figure 5.10: Values of Average and Spread in Gain of every Daughter Board.

to to measure the spread in gain of every single DB. As shown in Figure 5.10, spread in1731

gain in every DB keep always below 4%, while the average in gain is (2.27 - 2.50) 105.1732

These values provide a homogeneous response of the plane, and ensure the correct x-y1733

resolution for the reconstruction of ββ events.1734

5.2.3 Dark Current1735

Figure ?? shows the typical dark current measured in our MPPCs as a function of the1736

bias voltage and for three different temperatures. The level of the dark current is at1737

about 5 photoelectrons. In NEXT-100 a digital threshold at the 4 - 6 p.e. level should1738

lead to an insignificant noise rate. An automatic system to compensate temperature1739

differences by adjusting the bias voltage has also been tested successfully and will be1740

implemented in NEXT-100.1741

5.2.4 Pitch1742

The pitch of the NEXT-100 tracking planes is a compromise between several constrains1743

imposed by the physics:1744

1. An electron moving in dense gas does not behave exactly as a minimum ionizing1745

particle. Instead, it loses a significant part of its energy by the emission of discreet1746
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Figure 5.11: Dark current of one NEXT MPPC as a function of operative voltage and
for three different temperatures T.

delta rays and bremsstrahlung radiation. The “photon cloud” associated to the1747

electron has an rms distribution of the order of 1 cm.1748

2. Transverse diffusion in pure xenon is large, and the typical rms of the charge1749

distribution for electrons produced in the center of the chamber is of the order of1750

1 cm.1751

3. Identifying low-energy photons (e.g, x-rays of 35 keV) nearby the electron track is1752

an extra handle to label background events (e.g, photoelectric events in the 214Bi1753

peak). Photon-track separation is directly proportional to pitch.1754

A pitch significantly smaller than 1 cm is not useful due to charge dispersion and1755

the photon cloud. Conversely, as the pitch increases the background rejection capability1756

decreases. Monte Carlo studies show that a reasonable tradeoff may be found for pitches1757

between 1 cm and 1.5,cm. While physics performance appears not to degrade too much1758

with pitch in that region, the number of pixels decreases with the square of the pitch. A1759

reasonable compromise appears to be 1.2 cm, which in turn requires about 7 000 pixels.1760

5.2.5 Tracking with MPPCs1761

Each primary electron entering the meshes produces EL light for a time interval given by1762

the gap size divided by the drift velocity. For E/p ∼ 3.5 kV/cm bar, this time interval1763

is about 3 µs. Typically, 600–1200 electrons contribute to the track imaging at any1764

moment. Tracks less parallel to the TPC axis contribute the higher number of electrons1765

within the EL gap. With so many primary electrons per mm, the statistical contribution1766

to spatial resolution is ∼1 mm rms, even for the maximum possible diffusion within the1767

chamber.1768
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With an EL gain of around 3000 and a track population of ∼1000 electrons within the1769

EL meshes, the total EL luminosity is in the range of 3× 106 photons per µs (counting1770

only the forward-going photons). A detection element of 1 mm2 at a distance of 5 mm1771

from the luminous region will subtend a solid angle fraction of ∼0.003. Hence, about1772

3,000 photons per µs will impinge on such a 1 mm2 detection area.1773

Monte Carlo simulations indicate that about 1/3 of these photons will be transferred1774

to the blue and to the MPPC active window by the TPB coating (see chapter 7). Thus,1775

about 1 000 photons per microsecond, or 100 photons per 100 ns (the recovery time of1776

a MPPC pixel) hit the MPPC. The S10362-11-025P model, used for NEXT-DEMO has1777

a 1 600 cells and therefore a very small occupancy of 100/1600 = 0.06. The S10362-1778

11-050P selected for NEXT-100 has 400 cells and still a very acceptable occupancy (for1779

maximum energy deposition) of 0.25. In exchange the PDE of the S10362-11-050P is1780

twice as large as that of the S10362-11-025P, and allows to detect low energy x-rays, up1781

to energies of about 10 keV.1782

Figure 5.12: Light received in an array of 4 MPPCs (labeled (0,0), (0,1), (1,0) and (1,1)) when
gammas of various energies produce light in an EL region of 5 mm at E/P of 4. In each case
the signal is shown for the four MPPCs of the array as a function of time. A suitable cut to get
rid of the dark current in a SiPM is 3–4 p.e., thus, with a count of 7 p.e, for the 1 keV case, the
MPPCs are sensitive to small energy deposits.

In a more quantitative way, Figure 5.12 shows the Monte Carlo simulation of the light1783

received in an array of 4 MPPCs (labeled (0,0), (0,1), (1,0) and (1,1)) when gammas of1784

various energies produce light in an EL region of 5 mm at E/p of 4. In each case the1785

signal is shown for the four MPPCs of the array as a function of time. A suitable cut to1786
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get rid of the dark current in a MPPCs is 3–4 p.e., thus, with a count of 7 p.e, for the 11787

keV case, the MPPCs are sensitive to small energy deposits.1788
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Figure 5.13: Monte Carlo simulation of the image of ββ0ν event in a plane of SiPMs.

Figure 5.13 shows a Monte Carlo simulation of an event tracked by SiPMs. The light1789

background collected by cells outside the track is at most 10−4 of the total track, and1790

10−5–10−6 for most cells. Thus, good tracking is possible.1791
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Chapter 61792

Front end electronics and DAQ1793

6.1 FE readout electronics for the PMTs1794

The FE electronics for the PMTs in NEXT-100 will be very similar to the one developed1795

for the NEXT-DEMO and NEXT-DBDM prototypes. The first step is to shape and1796

filter the fast signals produced by the PMTs (less than 5 ns wide) to match the digitizer1797

and eliminate the high frequency noise. An integrator is implemented by simply adding1798

a capacitor and a resistor to the PMT base. The charge integration capacitor shunting1799

the anode lengthens the pulse and reduces the primary signal peak voltage accordingly.1800

The integrating signal is then fed to a low-pass filter amplifier.1801
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driver follows to provide enough current capabilities 

for the cable transmission of the signal to the ADC 
board. 
      The gain for the current to voltage conversion is 
set by the feedback resistors. The input impedance of 
the front-end is given basically by the parallel 
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should have equal values to balance the differential 
amplifier, however the variation of R55 provides 
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Fig.  6. Front-end card with 7 analog channels.   

4. Digitization 

The front-end  circuit presented was implemented 
in 7 channel boards (fig. 6) and connected via HDMI 
cables to 12-bit 40-MHz digitizer cards. These 
digitizers are read out by FPGA-based DAQ modules 
that buffer, format and send event fragments to the 
DAQ PCs via gigabit Ethernet links. Full events are 
built and stored into disk using the ALICE DATE 
system software [3]. 

Both the 16-channel digitizer card and the DAQ 
module (Front-End Concentrator, FEC) have been 
designed as a joint effort between CERN and the 
NEXT collaboration in the framework of the Scalable 
Readout System (SRS) for the RD51 R&D 
programme [4]. These two cards are edge mounted to 
form a standard 6Ux220mm eurocard. The FEC 
module can interface different kinds of front-end 
electronics by using the appropriate plug-in card. 
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Figure 6.1: FE electronics schematics for one channel of the energy plane of NEXT-DEMO. A
similar scheme will be implemented for NEXT-100.

6.2 FE readout electronics for the NEXT-DEMO1802

The front-end electronics for NEXT-DEMO is the baseline for NEXT-100. The design,1803

shown in Figure 6.1 uses a single amplification stage based on the fully differential1804

amplifier THS4511, which features low noise (2nV/
√

Hz) and provides enough gain to1805

compensate for the attenuation in the following stage, based on a passive RC filter with1806
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Figure 6.2: Single photo-electron signal directly from the PMT anode, amplified by the THS4511
and filtered with the passive RC filter.
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a cut frequency of 800 kHz. This filtering produces enough signal stretching to allow1807

taking many samples per single photo-electron at 40MHz, as illustrated in Figure 6.2.The1808

AD8131 driver follows to provide enough current capabilities for the cable transmission1809

of the signal to the ADC board. The gain for the current to voltage conversion is set1810

by the feedback resistors. The input impedance of the front-end is given basically by1811

the parallel resistors R66 and R67 in Figure 6.1. Usually R55 and R66 should have1812

equal values to balance the differential amplifier, however the variation of R55 provides1813

additional offset that may be useful to adjust the baseline level if necessary.1814

The energy resolution of the front-end circuit for a single photo-electron signal (with1815

a typical charge of 1pC) using an oscilloscope is close to 5.9 %, with a SNR of 26 dB.1816

6.3 Digitization1817
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system software [3]. 
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Figure 6.3: NEXT-DEMO front-end card with 7 analog channels.

The front-end circuit presented was implemented in 7 channel boards (Figure 6.3)1818

and connected via HDMI cables to 12-bit 40-MHz digitizer cards. These digitizers are1819

read out by FPGA-based DAQ modules that buffer, format and send event fragments1820

to the DAQ PCs via gigabit Ethernet links.1821

Both the 16-channel digitizer card and the DAQ module (Front-End Concentrator,1822

FEC) have been designed as a joint effort between CERN and the NEXT collaboration1823

in the framework of the Scalable Readout System (SRS) for the RD51 R&D program,1824

as describe in our CDR. These two cards are edge mounted to form a standard 6U×2201825

mm eurocard. The FEC module can interface different kinds of front-end electronics by1826

using the appropriate plug-in card.1827

An additional FEC module with a different plug-in card is used as trigger module.1828
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Besides forwarding a common clock and commands to all the DAQ modules, it receives1829

trigger candidates from the DAQ modules, runs a trigger algorithm in the FPGA and1830

distributes a trigger signal.1831

Up to two front-end cards can be read out by a single DAQ module through an ADC1832

card. This readout system can be easily scaled up by simple addition of FEC cards.1833

6.4 Response of the FE electronics1834
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An additional FEC module with a different plug-in 
card is used as trigger module. Besides forwarding a 
common clock and commands to all the DAQ 
modules, it receives trigger candidates from the DAQ 
modules, runs a trigger algorithm in the FPGA and 
distributes a trigger signal. 

Up to two front-end cards can be read out by a 
single DAQ module through an ADC card. This 
readout system can be easily scaled up by simple 
addition of FEC cards. 

5. Results 

As seen in figure 7a, with the custom front-end 
electronics presented, the scintillation pulse is 
sampled with 25-30 samples (some of them in the 
leading edge), achieving a high resolution 
digitization, and a high efficiency in the detection of 
the scintillation light.   Noise levels of the baseline 
after digitalization is typically less than two counts. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Fig. 7. a) Primary scintillation response of the actual system, and 
b) digitized EL signals recorded with the electronics described in 

the paper.  

Figure 7b shows an EL signal produced by a 
gamma event from a 137CS radioctiactive source. 

Measurements with test signals from a pulse 
generator reveal an energy resolution of 0.26 % for 
events with charge of 600 pC and 5 µs width.  

6. Conclusions 

This paper describes the electronics solution 
adopted for the readout of the energy plane of 
NEXT-1 prototype, based on 19 UV sensitive PMTs.         

A low noise differential amplifier is used to obtain 
good resolution in the digitization of the primary 
scintillation, which provides high detection 
efficiency. The energy resolution of the front-end 
circuit using test input signals with charge values 
close to the ones expected from EL signals is of the 
order of 0.26%, which will provide precise energy 
measurement of the EL events in the TPC. The 
solution adopted for the DAQ system guarantees the 
scalability of the system for the final NEXT 
experiment 
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Figure 6.4: S1 signal in NEXT-DEMO. The signal is stretched over a few hundred nanoseconds,
allowing confortable sampling.

As seen in Figure 6.4, with the NEXT-DEMO front-end electronics the scintillation1835

pulse is sampled with 25-30 samples (some of them in the leading edge), achieving a1836

high resolution digitization, and a high efficiency in the detection of the scintillation1837

light. Noise levels of the baseline after digitalization is typically less than two counts.1838

Measurements with test signals from a pulse generator reveal an energy resolution of1839

0.26 % for events with charge of 600 pC and 5 µs width.1840

To summarize, a low noise differential amplifier is used to obtain good resolution1841

in the digitization of the primary scintillation, which provides high detection efficiency.1842

The energy resolution of the front-end circuit using test input signals with charge values1843

close to the ones expected from EL signals is of the order of 0.26%, which will provide1844

precise energy measurement of the EL events in the TPC. The solution adopted for the1845

DAQ system guarantees the scalability of the system for NEXT-100.1846
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6.5 Design and performance of MPPC FE electronics for1847

NEXT-DEMO1848

As described in chapter 4 the NEXT-DEMO tracking plane is an array of 248 SiPM1849

sensors (Hamamatsu MPPC, 1mm2 active area, SMD type model S10362-11-025P)1850

uniformly spaced with a pitch of 1 cm.1851

A variable number of sensors (up to 16) are mounted on a daughter board and share1852

bias voltage (provided by a high-voltage DC supply module from ISEG APS series) and1853

ground reference. The gain dispersion in each daughter board is better than 4% while1854

the average gain of each board is in 2.50×105 (chapter 5). This ensures a uniform plane1855

response. A total of 18 daughter boards are mounted on top of a 238-mm diameter1856

mother board for mechanical support and electrical connections. Figure 6.5, shows the1857

chosen connection scheme for each SiPM sensor.1858

Figure 6.5: Connection scheme for a SiPM channel

From the mechanical point of view ribbon cables are easier to handle and connect1859

than coaxial cables. As the crosstalk is additive, the induced crosstalk in a ribbon cable1860

tends to be large due to the contribution of the neighboring wires. Several configurations1861

of ribbon cables and signal mapping have been tested: twisted and untwisted wires, single1862
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ended and differential, common ground and individual grounds. Single-ended, untwisted,1863

common ground configuration showed the worst performance; with approx. -20 dB1864

crosstalk. The best results were measured on a twisted-pair, differential transmission1865

configuration. Yet even in this case the measured crosstalk was large. As a result it was1866

decided to use coaxial cables to minimize this problem.1867

6.5.1 The analog front-end1868

The primary electron paths can be reconstructed from time-resolved measurements of1869

the light that arrives to the SiPM sensor plane. Our approach is to estimate how many1870

photons have reached each SiPM sensor per time bucket by integrating the SiPM output1871

current in a gated integrator. The time bucket is 1us, giving 1 mm resolution in z as the1872

drift velocity in pure xenon is about 1 mm/µs.1873

Although an integrating front-end is more vulnerable to thermal and induced noise,1874

it also provides higher signal levels necessary to read very low light events. Most of1875

the induced noise is due to capacitive/inductive coupling from switching digital lines in1876

the PCB and charge sharing effects in the integrator. As a consequence, most of the1877

integrated induced noise turns out to be deterministic which allows an easy calibration1878

procedure. Signals obtained at the front-end output are converted to digital domain1879

using a 12-bit 1-MHz ADC.1880

Figure 6.6: The amplifier and integrating circuit

The analog path consists of three different stages (Figure 6.6). The first stage is1881

a transimpedance preamplifier with constant input impedance for line adaptation. Its1882

bandwidth (45 MHz) is limited by input impedance (50 Ohm) and SiPM parasitic capac-1883

itance (70 pF). However OPA659 extended GBP (Gain-Bandwidth Product) provides a1884

preamplifier intrinsic bandwidth over 70 MHz, which guarantees an efficient line adapta-1885

tion over the final bandwidth. First stage gain (line impedance adaptation not included)1886

is 1500 Ohm.1887

108



The second stage is a gated integrator with a variable integration time. The nominal1888

value of this integration interval (1 µs) is related to the desired spatial resolution of1889

the whole detector and the minimum will be limited by the maximum data rate of the1890

uplink. Since we are using a positive bias voltage (Figure 6.5), first stage output is1891

negative, which in turn produces a positive voltage at the integrator output. In order1892

to discharge the integrating capacitor, ADG719 has been chosen since it is the fastest1893

integrated switch available in a discrete implementation. It provides a discharge time of1894

10 ns which is only 1% of the nominal integration time. An offset correction is included1895

since the integrator itself introduces an output offset: the switch control signal delivers1896

a small quantity of charge into the feedback capacitor, producing a constant offset after1897

every reset.1898

The third stage is a non-inverter amplifier with G = 2, required to produce a positive1899

signal at the ADC input. It is designed to provide analog signal conditioning before AD1900

conversion in order to fully exploit converter input dynamic range.1901

The gains in every stage have been defined to obtain 8 ADC counts between photo-1902

electron peaks for a dynamic range of 250 pe. Although preamplifier noise response is1903

quite good (OPA659 datasheet shows 8.9nV/sqrt(Hz)) it takes the largest part of the1904

equivalent output noise (7 mV rms). The rest of the front-end shows lower noise levels.1905

Finally the total equivalent output noise theoretically calculated and checked through1906

simulation is below 10 mV rms. In order to provide a sufficient dynamic range and stay1907

above the noise floor, gain values have been adjusted to obtain about 14 mV/pe.1908

6.5.2 The SiPM front-end board1909

We have designed and tested a 16-channel board that includes 16 analog paths and a1910

digital section (Figure 6.7). The analog path circuit is described in the previous section.1911

The digital section is based on a small, low-power Xilinx Spartan-3 FPGA that reads1912

sixteen 12-bit ADCs (AD7274), controls the switches in the gated integrators, builds a1913

frame with the digitized data and communicates with the upstream readout stage using1914

LVDS signals over standard RJ-45 connector and CAT6 cable. Careful PCB layout1915

techniques ensure that the digital parts introduce very little noise in the analog section.1916

The FPGA has enough logic resources to implement some basic data processing, like1917

zero suppression or a buffer to operate in triggered mode. Nevertheless, the readout is1918

operated in raw continuous acquisition. A data packet containing the sixteen digitized1919

values is sent to the DAQ each microsecond.1920

6.5.3 Interface to the DAQ1921

The upper stage in the readout chain is the Front-End Concentrator (FEC) card [?],1922

designed as a joint collaboration between CERN and NEXT in the framework of the1923

RD51 Collaboration readout system [?], [8]. Up to 16 front-end cards can be connected1924

to the FEC, allowing for up to 256 SiPM channels, enough for NEXT-1. This readout1925

system can be scaled up by simple addition of FEC cards. Data are sent to the DAQ1926

PC via gigabit Ethernet links.1927
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Figure 6.7: The FE-SiPM card. The digital section (top right) includes the FPGA and the
RJ-45 142 socket. Voltage regulators are located at the top left corner. The bottom half of the
board contains the 16 analog paths and the input connectors. Input signal options are miniature
coax (single ended) or HDMI (differential)
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The SiPM front-end board and the FEC card are connected by means of a high-speed1928

full duplex link consisting of two LVDS pairs in each direction over a standard CAT-61929

network cable. The FEC card sends a master clock to the front-end board FPGA over1930

one of the LVDS pairs, thus providing system-level synchronization among the different1931

front-end boards. A second downstream pair is used to send trigger and configuration1932

commands to the front-end board.1933

The front-end FPGA sends the acquired data from the sixteen SiPM channels through1934

the remaining two LVDS pairs (eight SiPM channels per pair). The bit rate of each se-1935

rial link is 200 Mbps. Each data frame is composed of a 16-bit start of frame (SOF)1936

header, a 16-bit identifier word, eight 16-bit words for the raw data and a 16-bit end of1937

frame (EOF) trailer. The system sends a new frame each microsecond, resulting in an1938

aggregated upstream data throughput of 352 Mb/s. A data recovery algorithm is used1939

in the destination (FEC card) in order to avoid clock forwarding from the front -end [?].1940

The described link was validated in a test setup composed of one front-end board,1941

one FEC card and a 15-meter CAT-6 network cable. No error in the link occurred during1942

three consecutive days at the nominal 352 Mb/s load with PRBS data. The estimated1943

BER is then lower than 1e-13 with a 99.99% confidence level. This result confirms the1944

goodness of the link implementation.1945

6.5.4 Measurements1946

Our test setup consists of one daughter board, which comprises 16 channels (16 SiPMs),1947

mounted on top of the motherboard. The 16 SiPM devices have been selected to have1948

a uniform response, and are biased from a single voltage (71,14 V). The sensors were1949

introduced inside a black box in order to reduce external noise.1950

A 400-nm LED was used to illuminate the daughter board at low intensity inside the1951

black box. A suitable pulse generator was required to synchronize the emission of light1952

with the trigger signal for the readout electronics. In each acquisition (384 µs), 10 pulses1953

of light of 1 µs each were produced. Light pulses produce a variable number of detected1954

photoelectrons, which are processed by the electronic chain, giving a response in ADC1955

counts. Figure 6.8 shows the typical response in ADC counts for a single channel. Bins1956

below a threshold (related to the base line level) are set to zero.1957

From this analysis we can easily obtain the linearity of our system. In fact, as can1958

be seen from Figure 6.9, the behavior of the system with the number of photoelectrons1959

produced in the device is linear, where the fit slope gives the conversion factor between1960

ADC counts and photoelectrons (4.4 counts/pe in a dynamic range of 230 pe).1961

A few problems were found during the prototype measurements and have been cor-1962

rected and tested for the final production version:1963

1. Large integrating capacitor discharge that produced a large error. This problem1964

was due to a non-neglible input offset voltage in the integrating amplifier, and has1965

been corrected (and tested) to very low levels by changing component values and1966

modifying the circuit topology.1967
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Figure 6.8: Histogram of the number of ADC counts produced by different photoelectrons in
the final (production) circuit. Bins below a threshold (related to the base line level) are set to
zero.

Figure 6.9: Linearity in the ADC dynamic range (1024 counts) for the final (production) circuit
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2. Limited dynamic range due to a design error in the power supply for the last1968

amplifying stage. This has been corrected in the final design.1969

3. A high number of channels had too much offset voltage (either positive or negative).1970

This has been corrected (and tested) with an additional offset adjustment circuit1971

at the output of the first amplifying stage.1972

6.5.5 Conclusions1973

In this section we have described the readout electronics for the SiPM plane in the NEXT-1974

DEMO prototype. The readout is based on a gated integrator circuit that produces1975

an output proportional to the number of photons that impinge on the SiPM sensor1976

each microsecond. Data are then digitized and transmitted to the DAQ using RD511977

electronics, developed jointly by the NEXT Collaboration and CERN for the RD511978

Collaboration.1979

Performance tests with the first prototype show single photoelectron detection, good1980

linearity and superb data transmission quality to the DAQ PC. A later increase in the1981

dynamic range (as a result of new light simulations in the tracking plane) makes it im-1982

possible now to resolve the single photoelectron, which affects the calibration procedure1983

for the SiPMs.1984

Scalability to 248 channels is straightforward, requiring sixteen front-end boards,1985

two FEC cards (serving only 8 front-end cards each for a reduced load in the gigabit1986

Ethernet link), two DAQ PCs and one trigger card to fan out clock and commands.1987

6.6 Towards a FE and readout solution for NEXT-1001988

While The FE electronics developed for NEXT-DEMO gives a base-line solution for1989

NEXT-100, one should take into account the fact that the NEXT-100 tracking plane1990

will have near 7 000 channels. Passing several thousand signal wires across feedthroughs1991

is possible but challenging and probably not optimal. Consequently we are developing1992

a new in-vessel FE electronics for that reduces the total number of feedthroughs to an1993

acceptable level. In this section we present the new electronics readout architecture.1994

6.6.1 Initial considerations1995

The selected SiPM device for NEXT100 is the Hamamatsu MPPC, 1mm2 active area,1996

SMD type model S10362-11-050P. It has a higher gain than the device used in NEXT-1997

DEMO, reducing the required gain in the front-end circuit. The driving requirements for1998

the in-vessel electronics design are power, reliability, cost, radiopurity and outgassing.1999

Power2000

Very low power is a must as the heat is to be dissipated inside the vessel. The very front-2001

end design and the ADCs are the key to low power, as the number of channels is 6.8002002
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(assuming a 1.2 cm pitch). The weakest point in the NEXT-DEMO SiPM electronics2003

is the high power consumption in the analog path that comprises three amplifier stages2004

consuming each approx. 20 mA at +-5V, making a total of 600 mW per channel.2005

The solution that we are implementing for NEXT-100 implies to simplify the FE2006

electronics. Our new design consists of a very simple front-end, very low power ADCs2007

and a digital data merger stage (FPGA) to be placed inside the detector. This is2008

achieved by replacing the gated integrator with a passive RC circuit and the power-2009

hungry amplifiers with ultra low power devices. A preliminary estimation gives a total2010

of 240 W for 6 800 channels. Additional power dissipation comes from drop in voltage2011

regulators, FPGA (data handling and multiplexing) and transmission circuits required2012

to reduce the number of feedthroughs in the TPC vessel. We estimate a total in-vessel2013

electronics is 410 W.2014

To efficiently dissipate this heat we will attach the front-end cards to 10-cm-long2015

copper fins radially mounted on the inner vessel surface. Since xenon is a bad heat2016

conductor, most of the heat will be transferred from the fins to the vessel. A cooling cir-2017

cuit surrounding the detector would define an appropriate, constant vessel temperature.2018

Simulations need to be carried out to validate how much power can be dissipated with2019

this solution. Alternatively, liquid cooling inside the vessel could be used.2020

Reliability2021

Highest reliability is mandatory as servicing the front-end requires to open the vessel,2022

an operation that must be avoided as much as possible. Reliable PCB manufacturing,2023

including stress tests (like thermal cycling and vibration), PCB and component selection2024

and careful design are required if we aim at highly reliable in-vessel electronics.2025

Besides this, manual channel-by-channel offset voltage adjustment turns out to be2026

critical in the NEXT-100 electronics tests for a proper circuit operation and has to be2027

avoided at an cost in NEXT-100. So, the effects offset voltage drift with temperature2028

and aging needs to be considered in a design that cannot be easily accessed.2029

Cost2030

Low cost per channel is needed to reduce the electronics budget, as the number of2031

channels is approx. 6,800. Thus, analog electronics and ADCs are the key elements in2032

reducing overall cost. As an example, AD8005 amplifier is $1,64; AD8012 is $2,17 and2033

AD7477A 10-bit ADC is $2,52 in 1k pieces. These are the main components in the cur-2034

rently evaluated circuit and make a subtotal of $6,33. Additional front-end components2035

(linear regulators, resistors, capacitors) will increase the cost per channel to a maximum2036

of $10 per channel, which is of the same order than the cost of the sensors themselves.2037

Radiopurity2038

Even if the in-vessel electronics will be separated from the active volume by a copper2039

shield, careful component selection is required to reduce the background. Once the2040
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passive component values are fixed, samples from several vendors can be tested to find2041

out the cleanest ones. See chapter 22042

6.7 Baseline design for the in-vessel front-end electronics2043

amplifier2044

Taking the NEXT-DEMO electronics as a starting point, we have designed a three-2045

stage circuit, with a gain of 10 in each stage. The first two stages are based on the2046

AD8012 (two amplifiers per package, very low noise) and the last one on the AD80052047

(ultra low power, 400 µA quiescent current). Total gain is (Rt is the input termination2048

resistance) 1.000 × Rt = 50.000, as the first stage is a transimpedance amplifier with2049

gain of 10×Rt = 500. A passive, 2 µs time-constant RC circuit (200 pF, 10 kΩ between2050

the second and the third stages acts as the circuit integrator.2051

Figure 6.10: This low power amplifier circuit for NEXT100 features only approx. 30 mW power,
4mV/pe gain and 1.7mV rms noise

This gain will suffice to produce a 1V output for a 250-pe dynamic range.2052

6.7.1 Offset voltage adjustment2053

As it was previously mentioned, a solution has to be found that does not require ad-2054

justment by hand. Two options for automatic offset voltage adjustment, which can be2055

complementary, are currently under evaluation:2056

• The 1V output for a 250 pe dynamic range leaves enough room in a typical 2.5-32057

V input range ADC for offset voltage drift compensation either online (FPGA) or2058

offline.2059

• Digital-to-analog converters (DAC) can be used for a coarse offset adjustement.2060

Total electronic noise in the amplifier circuit is very low according to the simulations:2061

1,7 mV rms. This is approx. 3 LSBs in a 12-bit ADC and sets the limit to the offset2062

voltage adjustment.2063
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6.7.2 Digitizing section2064

Two alternatives are currently under study:2065

• A single-channel 1-to-3 MHz low-power 12-bit ADCs (like AD7476), requiring only2066

two lines (data and chip select) for readout. This solution is used in NEXT-DEMO.2067

Total power dissipation (including amplifier and ADC) is approx. 35 mW per2068

channel (a factor 18 less than the NEXT-DEMO solution). This value goes up to2069

60 mW after a conservative estimation for losses in voltage regulators and other2070

auxiliary circuits (including FPGA readout and data transmission).2071

• A fast (40 MHz or higher) multi-channel ADC and an analog switch for multiplex-2072

ing (Figure 6.11). This solution can lead to a reduced power consumption, though2073

the effect of the noise induced by hundreds of switches inside the vessel has to be2074

studied.2075

Figure 6.11: The multi-channel ADC option requires a large analog switch, a buffer and an
ADC

6.7.3 Triggered vs. continuous (or push) readout2076

NEXT-DEMO SiPM electronics are read out in continuous (or push) mode. This means2077

that there is no trigger at the front-end level. Every microsecond (the ADC sampling2078

period), digitized and time-stamped data from all data channels above an adjustable2079

threshold are simply sent to the DAQ module where data are stored in a circular buffer.2080

No flow control is required. The DAQ modules are always available to receive data.2081

Once a time-stamped trigger arrives to the DAQ module, the right data time interval2082

is read from the circular buffer and sent to the DATE online system for event building.2083

Flow control is needed at this level, but not at the front end.2084

This mode of operation simplifies the front-end hardware, as no buffers are needed at2085

this level. Front-end FPGA firmware is also kept simple. We can afford using this mode2086

as the reduced number of channels in the NEXT-DEMO SiPM plane (248) produces a2087

moderate throughput. But this is not the case in NEXT-100, where data from the 6 8002088

SiPM channels must be sent across the TPC vessel. Minimizing the number of vac-2089

uum feedthroughs is a must, and this number is directly proportional to the aggregated2090

throughput.2091
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6.7.4 How can a triggered readout and zero suppression reduce the2092

throughput?2093

We must first consider four design parameters for NEXT100:2094

1. There are 6 800 SiPMs in the tracking plane.2095

2. Drift length in the TPC is 1,3 m. This makes approx. 1,3 ms events for 1mm/µs2096

electron drift speed.2097

3. Trigger will be based on S2 rather than on S1, as S1 may not work for low energy2098

events (like WIMPs ). So, large pre-trigger data (¿= 1.4 ms) must be acquired, as2099

well as a post-trigger length (¿ 0.5 ms), making an estimated total of 2 ms data2100

per event. As a result, each SiPM channel produces 2 ms/event * 12 bit/us =2101

24 000 bits or 3 000 Byte/event raw data.2102

4. In average, a SiPM is continuously illuminated for 10 µs in an event (thus 0,5%2103

occupancy). This value can go up to something like 250 mus in some events (12,5%2104

occupancy). Thus, 20% occupancy is a conservative estimate and to use it in our2105

calculations.2106

5. Digitized SiPM data is required to be 12 bit resolution (although 14 bits is not at2107

all discarded).2108

6. The target trigger rate is in the order of 10 Hz.2109

From these design parameters we can conclude that:2110

For 10 Hz trigger rate, 2 ms event size and 1 MHz sampling frequency, a triggered2111

readout produces 50 times less throughput than a continuous readout. The benefits of2112

the triggered readout are thus demonstrated. Of course a penalty must be paid: trigger2113

must be fanned out inside the TPC and event buffers are required.2114

Taking into account channel occupancy, zero-suppression is really worth it, providing2115

an additional reduction in a factor larger than 5 in the average throughput. Raw data2116

mode must also be supported, of course.2117

6 800 channels produce approx. 20 MByte/event in raw data mode (6.800×3.000byte/10242).2118

At 10 Hz rate this makes 200 MByte/s data, or 1,6 Gb/s throughput.2119

These three conclusions suggest a readout architecture sketched in the following2120

section.2121

6.8 Readout architecture2122

6.8.1 FEB level (Front-End Board)2123

Consider a NEXT-100 DB with an 8×8 SiPM array. These DB cards equip the bias2124

network and a few (maybe 4) connectors for low-cosstalk kapton ribbon cables. These2125
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Figure 6.12: Functional blocks in the FEB card

cables arrive in a Front-End Board (FEB) that includes the analog stages, ADC con-2126

verters, voltage regulators and an FPGA that handles, formats, buffers and transmits2127

data to the outer DAQ. LVDS clock and trigger inputs are needed.2128

This 64-ch FEB is the key component in the in-vessel electronics. A total of 1072129

(6 800/64) FEBs are required. FEB size can be 15×15 cm, leaving 3.5 cm2 board area2130

per channel. This can easily accommodate the three amplifying stages and ADC per2131

channel plus associated SMD passive components in one board side. The FPGA, voltage2132

regulators and I/O connectors can sit in the opposite layer.2133

Power dissipation (as calculated in previous sections) is 60 mW per channel, or2134

3.84W/FEB (64 channels). The FEB plane will dissipate approx. 107×384W = 410 W.2135

6.8.2 Estimating buffer size for a zero dead time operation2136

One full event (2 000 samples) requires 2.000× 64× 12 bit, slightly more than 1,5 Mbit2137

(or 187,5 KByte). This is a first estimation for the size of the data buffer. It is available2138

as true dual-ported memory in low-power FPGAs like Spartan-6 LX45 in 324-BGA2139

(15×15mm) or in the low power, low cost, Xilinx Artix XC7A30T. Therefore no external2140

memory is required.2141

Data are stored in a circular (ring) buffer in the FEB. Storing 1,5 Mbit data in 2 ms2142

requires writing the buffer at 750 Mb/s. After framing, reading out at 200 Mb/s (maybe2143

a limit for copper links across a vacuum feedthrough) takes 7,5 ms. So, from the 1002144

ms period (1/10Hz) the system spends in worst case 2 ms filling the buffer and 7.5 ms2145

emptying it.2146

For zero-dead-time operation the buffer must be large enough to be continuously2147
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filled, and so a 2+7,5= aprox. 10 ms buffer is needed. This means 1,5Mbit×10ms/2ms2148

= 7,5 Mbit. This is still feasible with Xilinx Artix FPGAs (XC7A200T), that has an2149

internal 13,5 Mbit memory. A trade-off between readout speed and buffer size must be2150

found in order to minimize cost and power. Data links must a have a low speed for2151

the sake of reduced power consumption, cheaper electronics, reduced FEB noise and2152

enhanced signal integrity.2153

6.8.3 Data formatting and throughput at the FEB output2154

The FEB output frame format can be an evolution for the existing NEXT1 SiPM format.2155

We propose to use a 16-bit word format. An event will be split into a number of frames2156

containing each: SOF (start of frame), Board ID (unique FEB ID number), a number of2157

data blocks, a CRC word and an EOF (End of Frame) word. Each data block contains2158

a Timestamp word (including error flags) and 64 data words.2159

With a tentative number of data blocks per frame of 10, this makes 644 words per2160

frame, or 10 304 bits. An event containing a maximum of 200 frames has a size of slightly2161

less than 2 Mb.2162

In order to transfer these data in 10 ms (requiring 12 ms buffer in the FPGA), we2163

need a link speed of 200 Mb/s. This is again a compromise between buffer size and link2164

speed, and the sweep spot must be found.2165

If zero-dead-time operation is not required, operating at a 10 Hz rate, the required2166

link throughput would be just 20 Mb/s.2167

Careful evaluation of copper and optical link solutions will provide the right com-2168

promise between buffer size, power dissipation, reliability and cost.2169

6.9 DAQ requirements for the tracking plane readout2170

The number of FEC cards and LDC PCs is determined by two numbers:2171

1. The tracking plane produces 1.6 Gb/s data. Setting a comfortable working point2172

for the gigabit Ethernet links between the FECs and the LDCs in 400 Mb/s, 42173

LDCs are required.2174

2. Assuming 200 Mb/s link speed (LVDS over copper) from the in-vessel electronics2175

to the DAQ (the same speed and technology used in NEXT1 for the SiPM plane2176

readout) the existing 16-link LVDS adapter card can be used. The 107 links coming2177

from the vessel require then 107/16=7 FEC cards.2178

Combining these two points, we can think of 7 FECs and 4 LDCs as the size of2179

the tracking DAQ partition. This is approx. the size of the full NEXT1 DAQ. The2180

conclusion is that we are in very safe ground for the NEXT100 SiPM plane DAQ.2181
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Figure 6.13: The NEXT-100 SiPM plane can be read out with 4 LDCs and 7 FECs
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Chapter 72182

TPB coating2183

7.1 Shifting the VUV light for NEXT2184

Xenon scintillates in the VUV range, with a peak at ∼175 nm. Although the NEXT2185

PMTs have the same QE for light in this range and in the blue (about 25%), the MPPCs2186

have a very low PDE below 200 nm. Therefore, it is imperative to use a wavelength2187

shifter (WLS) on MPPCs. Furthermore, the reflectivity of the light tube (made of TTX,2188

a Teflon cloth) is dramatically improved by coating the TTX with TPB. Last, but not2189

least, our PMTs will be enclosed in cans coupled to the gas through sapphire windows.2190

UV grade sapphire is extremely expensive, and thus coating the sapphire windows of the2191

PMT enclosures with PMT appears also as mandatory.2192

Tetraphenyl-butadiene (TPB) of ≥ 99% purity grade is an organic WLS widely used2193

in many experiments to shift scintillation light produced in the UV by Liquid Argon2194

or Liquid Xenon to the visible. It absorbs light in a wide UV range and re-emits it2195

in the blue with an emission peak around 430 nm. TPB can be applied by vacuum2196

evaporation from crystalline form directly onto surfaces. The TPB coating obtained2197

that way is reported to be hard and durable with good adherence to the substrate and2198

high resistance to mechanical abrasion. It is not soluble in water but may be degraded2199

by humidity, and can be removed when necessary by the use of benzene or other organic2200

solvents.2201

A TPB procedure to deposit a thin layer of TPC on flat (relatively small) surfaces,2202

such as dice boards (DBs) and the sapphire windows of the PMT cans has been developed2203

at ICMOL and IFIC. A second procedure to coat large surfaces, such as the NEXT-1002204

light tube has also been developed at IFIC.2205

7.2 TPB coating technique at ICMOL2206

The technique to deposit thin layers in flat surfaces —including glass, quartz, sapphire2207

and teflon— has been developed at the coating facility of the Instituto de Ciencias de2208

Materiales (ICMOL). Figure 7.1 shows the evaporator used. It is enclosed in a glove-2209

chamber filled with with N2 to insures the conservation of the organic compounds by2210
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avoiding their oxidation and hydration. The coating setup consists in a vacuum cham-2211

ber enclosing 4 ceramic crucibles used to contain and melt simultaneously up to 4 com-2212

pounds. During the TPB evaporation campaign for NEXT the whole setup was cleaned2213

to remove any traces of other molecules. One crucible only was used and filled with2214

TPB pounder. It was heated by a cartridge with an adjustable current for monitoring2215

the temperature and controlling the evaporation rate to avoid bubbling and sputtering2216

of the TPB onto the exposed substrate.2217

Figure 7.1: The Evaporator where one can distinguish from bottom to top, the crucibles
and the deposition-sensors, the shutter, the sample-holder supported by a spinning disk
and the vacuum chamber which is closed down during evacuation and coating.

The surface to be coated is positioned on a sample-holder located 15 cm above the2218

crucible. This holder is fixed on a spinning disk which allows the rotation, at a constant2219

velocity, of the samples during evaporation. Below the sample-holder a shutter allows2220

to mask the exposed surfaces when stopping the TPB deposition is required. The TPB2221

deposition thickness is recorded by a deposition sensor, located half-way between the2222

crucible and the surface to be coated.2223

Prior to their introduction in the Evaporator, the samples are cleaned with alcohol2224

at 150oC and dried with pressurized N2. After positioning of the clean samples in the2225

Evaporator, the vacuum-chamber is closed and evacuation is started using a diaphragm2226

and a turbomolecular pump. After the optimal vacuum-level is reached, typically 4 ×2227

10−7 mbar, heating of the crucible is started while the shutter is maintained closed.2228

The relevant parameters, such as the vacuum level, the temperature in the crucible, the2229

deposition rate and the deposition thickness can be monitored during the evaporation2230
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Figure 7.2: (Left) Two 16-MPPC DB positioned in their lodging in the sample-holder of
the evaporator. (Right) The sample-holder fixed to the spinning disk of the evaporator.
The shutter underneath covers the exposed surface of the samples.

process.2231

The TPB melting temperature is 203oC at atmospheric pressure. At the operation2232

vacuum level, TPB starts evaporation at about 75oC. This is the temperature at which2233

the deposition-sensor starts to record an increasing deposition thickness. The shutter2234

is then opened when the deposition rate stabilizes around a constant value, typically2235

between 1.8 and 2.4 Å/s. This is an indication that a steady evaporation process of the2236

TPB is established. At the same time, the spinning of the sample-holder is initiated2237

to insure a uniform deposition of the TPB on the exposed surface. When the desired2238

thickness is reached the shutter is closed to avoid additional deposition on the coated2239

surface.2240

Figure 7.3: Illumination with 240 nm UV light of a glass-slice (left) and a 5-SiPM board
(right) both coated with TPB.

Several successive depositions of a chosen thickness have been successfully produced2241

on TiO2 glass-slices and on several samples of MPPC dice boards. As an illustration,2242

Figure 7.3 shows a glass-slice (left) and a prototype DB (right) coated with TPB and illu-2243
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minated with UV light at 240 nm, clearly re-emitting in the blue. The coated glass-slices2244

and DB samples have been tested and characterized at IFIC and ICMOL with differ-2245

ent UV light sources. Some of the most relevant results are described in the following2246

subsections (a detailed paper with more extensive details will be published shortly).2247

7.2.1 Transmittance of the TPB at its emission wavelength2248
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Figure 7.4: Transmittance of the TPB at its emission wavelength as a function of thick-
ness.

The transmittance of the TPB at its emission wavelength has been measured as a2249

function of the coating thickness using an LED emitting at 430±20 nm which illuminates2250

successively four glass-slices of 3 cm × 3 cm coated with 0.05 mg/cm2, 0.1 mg/cm2,2251

0.2 mg/cm2 and 0.6 mg/cm2 of TPB. The non-coated side of the glass-slices was coupled2252

to the window of a 1 inch PMT Hamamatsu R8520. The anode current of the PMT was2253

measured for each TPB thickness and compared to the current measured with a non-2254

coated glass-slice of the same size and thickness as the coated ones. The illumination2255

conditions were kept unchanged for all the samples measured. The transmittance of the2256

TPB coating shown in Figure 7.4 as a function of the thickness indicates a small increase2257

of the absorption, which is however, always below 4%. A very important consequence2258

of this result is that the thickness of the TPB layer is not, within reasonable bounds, a2259

crucial parameter regarding light absorption. This is important for the coating of large2260
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surfaces, such as the light tube sheets, since the large evaporator available at IFIC lab2261

only allows an approximate control of such deposition thickness.2262

7.2.2 Response of coated MPPCs as a function of TPB thickness2263
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Figure 7.5: Response of the TPB coated SiPMs to UV light (260 nm) as a function of
the coating thickness. For each thickness, the average of the currents measured in each
of the 5 SiPMs of a board is represented.

An important parameter for the coating of the MPPCs is the coating thickness which2264

allows the optimal conversion efficiency of the TPB. To establish it, depositions of various2265

thickness of TPB were carried out on 5-MPPC boards which were then characterized2266

using a collimated LED emitting at 260 nm. The current output from the coated MPPC2267

was measured and compared to the current measured prior to coating with the same2268

illumination and temperature conditions. In Figure 7.5 the increase of current of the2269

MPPCs after coating when illuminated at 260 nm is shown as a function of the TPB2270

thickness. This current increase similar to an increase of the photo-detection efficiency2271

of the MPPCs depends on the coating thickness and is shown to have maximum value2272

at 0.05 mg/cm2. As a consequence, we find that the optimal deposition thickness in the2273

DBs must be smaller than 0.1 mg/cm2.2274
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Figure 7.6: Average current in the TPB coated SiPMs DB compared to the average
current of a non coated DB. Both DB are illuminated by the same Xenon Lamp coupled
to a Monochromator to select the input wavelength.
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7.2.3 Coating and testing of NEXT-DEMO DB2275

The 18 DB of NEXT-DEMO tracking plane were coated with 0.1 mg/cm2 of TPB.2276

The currents produced in the MPPCs measured before and after coating in the same2277

illumination and temperature conditions are compared. The results are illustrated in2278

Figure 7.6, where a significant increase of the current in the coated DBs is observed at2279

input wavelengths below 340 nm.2280

7.2.4 Response after long-term storage2281
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Figure 7.7: Relative current variation of 14 coated SiPMs, illuminated with a LED
emitting at 240 nm, after 9 months storage in vacuum

The coated DB were stored in a vacuum chamber at pressure < 1 mbar. A sample of2282

these DBs was re-tested after 9 months of storage using a LED emitting at 240 nm, and2283

illuminating individually each of the 16 SiPMs of the coated DB. The current measured2284

after storage was compared to that measured immediately after the coating process. The2285

relative current variation of the 14 MPPCs tested is shown in figure 7.7. The average of2286

all currents in the MPPCs has less than 1% relative variation, which is well within the2287

experimental uncertainties. Indeed, considering the possible variation of LED intensity2288

and ambient temperature after 9 months, the current variation of the coated MPPCs2289

observed indicates no evidence of aging effects in the TPB coatings stored in a moderate2290
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vacuum.2291

7.3 Coating of the NEXT-100 light tube2292

7.3.1 Light tube materials2293

The light tube will cover the inner part of the field cage. The presence of a strong electric2294

field demands, therefore, non conductive material as the substrate for the wavelength2295

shifter. We have chosen the same materials studied by the ArDm collaboartion [9, 10].2296

The light tube substrate will be ESR (VikuitiT M Enhanced Specular Reflector foil) from2297

the company 3MT M and Tetratex (TTX)from the company Donaldson Membranes. The2298

ESR foil is a multilayer specular reflecting polymer measured to be highly radiopure [10].2299

Its appearance is that of a polished metal although the material is non conducting. It2300

has a specular reflection coefficient of practically 100% in a large region of the optical2301

spectrum. TTX is an aligned polytetrafluoroethylene (PTFE) fibrous cloth and is nearly2302

a 100% diffuse Lambertian reflector. It is also radiopure (typically less than 1 ppb,2303

which, given the very low mass involved, gives a negligible contribution to the radioactive2304

budget) and has low degassing. The measured reflectivity of the ESR + TTX foils is2305

about 97% at 430 nm.2306

7.3.2 The large evaporation chamber2307Evaporator

• Developed by ArDM.

• Consist on:

• Vacuum chamber. 

• 13 crucibles electrically connected. 

• Because of 10A current the TPB evaporates

• Support for the sheets.

Figure 7.8: A diagram of the large evaporation chamber developed by the ArDM col-
laboration and currently used by NEXT.

The NEXT collaboration has acquired the large evaporation chamber developed by2308

the ArDM collaboration (Figure 7.8), which is currently installed at the IFIC (Figure2309
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evaporator

Figure 7.9: The large evaporation chamber, details.First results

VikuitiTM 3MTM   Foils

Optical inspection shining 
a 3MTM foil with 260nm 
lamp.

Left with TPB. Right without TPB

TTX on 3M foil  with TPB 
illuminated with a UV 

lamp. Piece of TTX above 
with out TPB 

Figure 7.10: Response of the light tube foil (ESR+TTX) after coating, showing the
characteristic blue light emission when illuminated by a UV lamp. In the upper part of
the picture the same foil without coating.
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7.9). This is a stainless steel vacuum chamber large enough to house reflector sheets2310

of 120×25 cm2 which have the right size for the NEXT-100 detector. The apparatus2311

consists mainly of two parts, a horizontal tube with pumping connection on its closed2312

end and a slide-in array of 13 crucibles mounted onto a Viton-sealed access flange.2313

The crucibles are electrically connected in series for better uniformity and lower total2314

supply current (10A). The reflector sheets are supported by 100µm wires in a crescent2315

arrangement for constant distance to the crucibles. An evaporation cycle is started by2316

filling the crucibles with TPB powder and positioning the TTX reflector sheet on its2317

support.2318

After this preparation the sheets were inspected optically with a UV lamp (Figure2319

7.10) showing the characteristic re-emission in the blue.2320

7.4 Summary2321

TPB can efficiently absorb VUV radiation from xenon luminescence and re-emit in the2322

blue, a wavelength suitable for detection with PMTs and MPPCs. We have developed2323

two independent coating technique. One precision technique, suitable for small surfaces2324

where a high control of the deposition is desired, and one bulk technique suitable for2325

coating of large surfaces. The first technique can be used to coat DB and the sapphire2326

windows of the PMT cans. The second technique is suitable for coating the large sheets2327

that will be used to built the detector light tube. All the facilities are available at IFIC2328

and ICMOL, in Valencia.2329
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Chapter 82330

The gas system2331

8.1 Description2332
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Figure 8.1: Schematic of the gas system.

During operation of the detector, Xe is circulated continuously through the Xe vessel2333

using an axial flow pattern; it is fed in on one end and out the other end where the effluent2334

is passed through a gas purification system.2335

Inside the pressure vessel, mounted to one head is an array of photomultiplier tubes2336
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(PMTs). The PMT’s cannot withstand the 15 bar Xe pressure, so they are enclosed in2337

titanium tube pressure-proof enclosure having a sapphire window on one end. Cables2338

from the PMT exit through a flare fitting into a copper tube that connects to a central2339

manifold that is bolted to the underside of the axial flange of the pressure vessel head.2340

Vacuum is is maintained inside this central manifold (and thus to the inside of the PMT2341

enclosures); this allows the enclosures to be sniffed for Xe leakage. The PMT bases will2342

be potted in vacuum qualified epoxy resin to allow them to operate normally with no2343

flashover.2344

Figure 8.2: Three dimensional engineering model of the gas system piping.

During operation, the enriched Xe will be maintained as a gas at room temperature2345

and 15 bar (abs) pressure inside the detector. Xenon is a rare and expensive gas even2346

in its natural isotopic ratio (NXe) for which Xe 136 is 9% of the total. NEXT100 will2347
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utilize enriched Xe 136 at a 90% or greater ratio; estimated value is 1.5 M$ for 100 kg2348

EXe. It is imperative that any significant loss of Xe is avoided, under any foreseeable2349

circumstance. This is also true if running with depleted (of Xe136) Xe (DXe), which2350

may be done as an experimental control.2351

8.2 Gas system requirements2352

The pressure vessel/gas system must be capable of pressurizing, circulating, purifying,2353

and depressurizing the detector with either enriched xenon (EXe), normal xenon (NXe),2354

depleted xenon (DXe) argon and possibly other gases with negligible loss, and without2355

damage to the detector. There is a high priority on avoiding loss of EXe, due to its cost2356

and availability. A list of requirements in approximate decreasing order of importance2357

is shown below:2358

1. Pressurize vessel, vacuum to 15 bar absolute (bara) - 1 hour max. - EXe, DXe, Ar2359

2360

2. Depressurize vessel, on fault command, 15 bar to 1 bar - 10 sec max. - to closed2361

reclamation system2362

3. Depressurize vessel, normal operation, 15 bar to vac. - 1 hour max. - to closed2363

reclamation system2364

4. Pressure relief for fire or other emergency condition (to ASME std.) - vent to2365

closed reclamation system2366

5. Maximum leakage, EXe through seals (total combined) - 100 gm/yr2367

6. Maximum loss, EXe to atmosphere - 10 gm/yr2368

7. Accomodate a range of gasses - EXe, DXe, N2, dry air, Ar, 95N2/5H2, EXe/TMA,2369

EXe/CF42370

8. Circulate all gasses through detector- 10 SCM/min in axial flow pattern2371

9. Purify EXe continuously - inlet condition to be < 1ppb O2, CO2, N2, CH4,2372

THC<1ppt Ra2373

10. Pull vacuum 1*10−6 torr at vessel port2374

11. Provide 1 bara N2 to PMT enclosure system2375

12. Provide gas circulation of 1 SCM/min through annulus2376

Requirement 1 above, is performed with a manual valve and regulator. 1/2” diameter2377

connections are sufficient to meet the fill time specification. Requirement 3 is provided2378

by opening a valve to a pre-chilled cryogenic recovery high pressure cylinder, again 1/22379
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Figure 8.3: Schematic for the re-circulation pump.

” diameter lines are sufficient for this flow rate. Requirement 2 exists to protect against2380

excessive loss of EXe in case a leak develops. It is provided by opening a fast valve or2381

fast-actuatable burst disk leading to an evacuated recovery cylinder of 15x the pressure2382

vessel volume; it will require a much larger port in the pressure vessel, 4” diameter.2383

There will be a number of fault conditions that will open this valve, such as high Xe2384

pressure in any of the sniffer ports that are installed between pressure vessel seals to2385

satisfy requirement 5. Requirement 4 is met by having a pressure relief valve or burst2386

disk mounted directly to the pressure vessel, with a low conductance pipe leading to the2387

evacuated recovery cylinder. High reliability of recovery disallows use of an inflatable2388

gas bag as an option to the recovery cylinder.2389

The general schematic of the gas system is given in Figure 8.1 and Figure 8.2 shows2390

the three dimensional engineering model of the gas system showing the main valving2391

and piping. The re-circulation pump, vacuum pump and cold traps are not shown2392

8.3 Pressure and flow control2393

Pressure control for Xenon, (whether EXe, NXe, or DXe) will be a semi-manual open2394

loop control; the Xe pressure will be set to a set point (with a maximum ramp rate).2395

During normal operation the 136Xe gas circuit is a closed system. Therefore the flow2396

control can be achieved primarily by means of the re-circulation pump and a bypass2397

line. The re-circulation operates at a set flow rate of 200 standard liters per minute2398
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at 15 bar. In order to reduce the flow rate through the system some of the outlet gas2399

can be diverted, by means of a manual bypass valve, into the inlet of the pump. The2400

layout of the valving is shown in Figure 8.3. As a diagnostic flow rates can be monitored2401

and logged using a Teledyne-HASTINGS HFM-D-301 flow logger, such as that shown2402

in Figure 8.4. However, no active flow control is needed.2403

Figure 8.4: Example of a Teledyne-HASTINGS flow sensor for the NEXT 100 gas system.
The pressure drop across this unit at 10 bar is approximately 0.03 bar.

The most vulnerable component of the gas system is the re-circulation pump. The2404

enriched 136Xe used in NEXT 100 project is very expensive and therefore the pump to2405

move the gas through the re-circulation loop must have sufficient redundancy to minimize2406

the probability of failure and leakage. Furthermore, to preserve the purity of the gas2407

all metal to metal seals must be used. A pump manufactured by Pressure Products2408

Industries 1. This pump is made with metal-to-metal seals on all the wetted surfaces.2409

The gas is moved through the system by a triple stainless steel diaphragm. Between2410

each of the diaphragms there is a sniffer port to monitor for gas leakages. In the event2411

of a leakage automatic emergency shutdown can be initiated (Figure 8.5).2412

In terms of redundancy and reliability the estimate time time between failures during2413

continuos operation per diaphragm is in excess of 40 years. Therefore this is a very safe,2414

clean and reliable pump with a nominal maximum flow rate of 200 standard liters per2415

minutes.2416

1http://www.pressureproductsindustries.com/compressors/diaphragm compressors.html
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Figure 8.5: Example of the re-circulation pump chosen for the Xe purification gas system.
This is a triple stainless steel diaphragm pump capable of 200 slpm flow rates.

8.4 Gas Purification2417

MicroTorr cold getter model number MC4500-902FV has been chosen as the purification2418

filter for the Xe gas. Capable of removing electron negative impurities to less than 12419

ppb the model chosen has a nominal flow rate of 200 standard liters per minute well in2420

excess of the required flow rates for NEXT-100 offering sufficient spare capacity. The gas2421

system will contain two such getters in parallel with a bypass. This configuration has2422

been developed and used by the smaller gas systems operating at UNIZAR and IFIC.2423

The second spare getter is placed in parallel in the event of accidental contamination of2424

one of the getters allowing uninterrupted running. The ability to bypass the getters will2425

allow the testing of the purification of the gas and aid in diagnostic and monitoring of2426

the gas system. A drawing of the MC4500-902FV getter is shown in Figure 8.6.2427

While cold getter technology is capable of reaching the required purity levels in2428

water and oxygen a hot getter, like one shown in Figure 8.7, can also remove nitrogen2429

and methane. Furthermore, 362 g of cold getter material has been measured to emit 1.642430

atoms of Rn [11]. In that regard a future upgrade to a hot getter technology has been2431

considered. However, the high cost of hot getter may not be justified if other effective2432

means of removing Rn can be found like a Rn cold trap (§8.5).2433

8.5 Radon Trapping:2434

Radon is a natural by product in the decay chain of Uranium. Therefore most materials2435

will emanate Rn adding to the radioactive background. Several research groups in the2436

word have been interested in developing methods of trapping Rn and preventing its2437

entry into ultra low background detectors. A group at Queens University, Kingston2438
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Figure 8.6: Drawing of the MC4500-902FV
SAES Pure Gas getter, with VCR valves, to
be used for the purification of the Xe. The
gas system will contain two such parallel
getters.

Figure 8.7: Example of a heated SAES getter
model number PS4-MT50 with nominal flow of
150 standard liters per minute. This is a possi-
ble future upgrade to the gas system. The hot
getter has been reported to be better at filtering
out 222Rn and therefore can be preferred purifi-
cation technology to achieve ultra low radiation
background rates.
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Ontario, Canada has recently produced such a device [12]. Figure 8.8 shows such a trap.2439

The trapping mechanism operates by passing the gas being filtered through a cooled2440

column of activated carbon spheres. The carbon slows the diffusion of Rn and the low2441

temperature retains the atoms in the trap.2442

Figure 8.8: 222Rn trap operated at SNO lab.The trap uses activated carbon spheres to
slow transmission of radon atoms. The trap tested on removing Rn from Ar gas and
operates at a −110◦C.

We plan to develop and test a 222Rn trap similar to one describe above for use with2443

Xe. The operating temperature of this trap needs to be higher that one developed by the2444

Queens University as Xe will also freeze at −110◦C. This can prove a very cost effective2445

way of reducing radioactive background due to 222Rn in the NEXT 100 detector.2446

Another possibility for a 222Rn trap is a chamber filled with copper wool kept at a2447

temperature where Rn freezes and Xe remains gaseous. The large surface area of the2448

copper wool would offer condensation sites for the Rn. This may be a preferable trap to2449

one utilizing activated carbon. For the carbon to be effective in removing Rn it needs2450

to be loaded with an amount of Xe. This Xe would effectively be wasted particularly2451

when NEXT 100 will be filled with enriched Xe.2452

Thus a Rn trap development and characterization would be a very important project2453

to be undertaken by the collaboration.2454

8.6 Xenon reclamation2455

As the xenon gas that will be used in the NEXT-100 is expensive an automatic recovery2456

system will be needed to evacuate the chamber in a case of an emergency condition.2457

We are discussing the solution has been proposed by the LUX collaboration where a2458

permanently chamber cooled by liquid Nitrogen will be used.2459

We have identified two primary conditions to trigger automatic evacuation. The2460

first condition is an overpressure that could potentially cause an explosion. Because the2461

gas system for NEXT-100 will be operated in a closed mode the overpressure condition2462

could occur only under two possible conditions. The first is during the filling stage of2463

the operation, when the system is being filled with gas and the second in the case of2464

thermal expansion of the gas due to laboratory fire. In the case of overpressure we2465

will have an electromechanical valve, activated by a pressure switch, that will open a2466

pipe from the NEXT 100 chamber to a permanently cold recovery vessel. This will2467

then cryo-pump xenon into the recovery vessel, causing the gas to freeze in the recovery2468
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tank. In the event of the electromechanical valve failing, a mechanical spring-loaded2469

relief valve, mounted in parallel to the electromechanical valve, would open and allow2470

the xenon to be collected in the recovery vessel. As a final safety feature in case both the2471

electromechanical and spring-loaded valves fail a bursting disk, also mounted in parallel2472

to the electromechanical and spring-loaded valves, will burst connecting the NEXT 1002473

chamber with the recovery vessel causing the gas to be thus evacuated.2474

The second emergency condition would be detected as under-pressure indicating a2475

leak in the system. Such condition would require evacuation of the NEXT 100 chamber2476

to prevent losses of gas. If this is detected an electromechanical valve sensing under-2477

pressure will open and evacuate the xenon into the recovery vessel.2478

As the recovery vessel is to be used for safety there cannot be a valve to close once2479

the emergency recovery has been completed. Therefore in the event an automatic system2480

is triggered a signal will be sent to an operator to arrive at the laboratory to supervise2481

post recovery procedures. The aim of post recovery is to move the collected xenon2482

from the recovery vessel to a closable gas bottle for future purification and use once2483

the problems that caused the emergency conditions have been rectified. This operation2484

must be conducted by the responsible person and would involve cryo-pumping the gas2485

collected in the recovery vessel into a stainless steel bottle which will be valved off post2486

transfer.2487

The same system can be used for controlled recovery of xenon if work needs to be2488

done on the NEXT-100 chamber.2489

An alternative or an addition to the reclamation system could be a large expansion2490

tank(s) similar to that used by the ZEPLIN II and III experiments. Figure 8.10 show2491

a picture of one of these tanks. The aim of an expansion tank would be to quickly2492

reduce the gas pressure in the system down to 1 bar to prevent gas escaping through2493

a breach. This device would allow a much quicker reduction of pressure than possible2494

with cryo-dumping. It requires, however, a large tank.2495

We believe that the most prudent avenue for NEXT-100 would be to have both2496

systems, but deploy them staged in time as resource become available.2497

The other condition that may trigger xenon reclamation is leaking through porous2498

seals into the vacuum or a buffer gas. For instance in the design for the energy plane (see2499

chapter 5) xenon could leak through the photomultiplier enclosure (can). If this happens2500

the use of a cold trap as one shown in Figure 8.11 would permit to recover the gas. The2501

mechanism is simple: a liquid at the xenon freezing temperature circulates through the2502

double concentric coils seen in the figure and then freezes the gas as it circulates through2503

the trap. Periodically the trap will be heated to evaporate the trapped 136Xe into the2504

holding vessel for re-purification. In the specfici case of a leak inside the cans of the2505

energy plane the gas will be recovered by continuously vacuum pumping the system2506

through the cold trap.2507
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Figure 8.10: Example of an expansion tank that can be used for reducing the pressure
in the NEXT 100 detector in an event of breach. One of the expansion tanks, from a
set of two, used for ZEPLIN II and III is seen on the far background right.

Figure 8.11: Example of a Xe cold trap.
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8.7 Vacuum2508

To insure the cleanliness of the chamber and the gas system prior to the introduction2509

of xenon both the chamber and the gas system need to be vacuum evacuated to as low2510

pressure as possible. A reasonably good vacuum is in the range of 10−5 to 10−6 mbar.2511

To achieve this the turbo-molecular pump needs to be positioned as close as possible to2512

the vessel being evacuated. For that reason the turbo-molecular pump station will be2513

directly connected to the NEXT 100 vessel through a large conductance valve rated for2514

vacuum and pressure as close as possible to the vessel inside the shielding. The valve2515

satisfying this requirement is shown in Figure 8.12, it is rated down to high vacuum and2516

up to 25 bar pressure. It has a 100 mm orifice and thus well suited to the vacuum needs2517

of the NEXT-100. A smaller valve of the same type has been extensively used by out2518

Laurence Berkeley Laboratory collaborators. After reaching desired vacuum the valve2519

will be closed, the pumping station removed and the valve enclosed in a radio pure cap2520

to shield the detector from the radioactive impurities in the materials that make up the2521

valve.2522

Figure 8.12: The HF4000 CARTEN valve.
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Chapter 92523

Shielding and platform2524

9.1 Introduction2525

Figure 9.1: NEXT-100 lead castle and platform at the LSC
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In our CDR we described two shielding possibilities, a water tank and a water-2526

lead-copper shield. In this TDR we present our final choice. We have chosen a simple2527

structure made of lead and copper primarily on the grounds of safety and easy access.2528

Access to all the critical systems for improvement, repair or regular servicing, which we2529

expect will be frequent during the first year of operation, is much easier if the detector is2530

not immersed in liquid. In addition one avoids HV cables and high-pressure pipes inside2531

the water.2532

At the same time, the shielding structure that we have designed (a.k.a. lead castle)2533

presents significant difference with respect to that proposed in the CDR. As for the PV,2534

we have simplified the design (e.g, eliminating the water bricks), changed to horizontal2535

axis, and coupled the castle to a working platform (following a requirement of the LSC)2536

and a seismic structure. The lead castle and the seismic structure thad holds the detector2537

are independent, to allow seismic oscillations in the event of an earthquake.2538

Figure ?? shows a 3D view of the whole structure. The most important systems are:2539

a. The apparatus, described in chapter 4.2540

b. The shielding structure, a.k.a. lead castle made out of lead bricks and terminated2541

by a copper sheet.2542

c. The platform holding the vessel, mounted on a seismic structure.2543

d. The platform.2544

e. The gas system, described in chapter 8.2545

f. The xenon expansion tank also described in chapter 8.2546

g. Power and DAQ racks.2547

h. Other devices (e.g, slow controls).2548

i. Gas and cable pipes (not show in the figure).2549

In this chapter we present an integrated design of the working platform (WP), the2550

seismic structure to hold the detector (a.k.a. detector pedestal, DP) and the lead castle2551

(LC) itself.2552

9.2 Overview of the layout and assembly procedure2553

Figure 9.2 shows a top view of the layout, with dimensions. The platform has a squared2554

shape, with dimensions of 11 × 11 m2 meters and useful surface of 112 m2. It includes2555

a safety area with a length of about 2 meters to provide clear access in case of an2556

emergency.2557
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Figure 9.2: Top view of the layout

145



9.2.1 Assembly procedure2558

The assembly procedure will be divided in several steps:2559

1. Assembly of the detector pedestal (DP) to the LSC floor.2560

2. Assembly of the working platform (WP) skeleton to the LSC floor and to the LSC2561

“pool” walls.2562

3. Assembly of WP floor.2563

4. Assembly of the lead castle (LC) motion system.2564

5. Assembly of the LC itself.2565

The DP, WP and LC are composed of modular and standard elements which will2566

be manufactured by a supplier. All beam welding and most of the bolting will be done2567

outside the LSC hall. Pre-assembled elements will be transported to the LSC, cleaned2568

when necessary (e.g, the lead bricks) and assembled in place, according to a procedure2569

previously tested at an external workshop.2570

Figure 9.3: Three-dimensional view of the seismic structure (a.k.a. detector pedestal,
DP)

The DP is shown in Figures 9.3 and ??. It is anchored to the pool ground and2571

supports all the weight of the detector and the LC. The WP shown in Figure 9.5 is2572

designed to stand a uniform load of 300 kg/m2 and a concentrated load of 200 kg/m2.The2573
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Figure 9.4: View of the DP holding the pressure vessel and movable lead castle
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Figure 9.5: WP and DP with the lead castle opened.

platform is anchored to the pool ground and to the pool walls. Notice that the WP and2574

the DP structured are independent to allow seismic displacements in the event of an2575

earthquake. The platform floor tiles are made of galvanized steel and have standard2576

dimension to minimize cost. All beams and pillars of the WP are designed with IPE2577

and HEB cross sections, IPE-100 for pillars, HEB-240 for seismic beams and HEB-5002578

for main seismic beams.2579

9.2.2 Assembly of the castle motion system2580

The movable lead castle has two position: opened, as shown in Figure 9.5 and closed,2581

as shown in Figure 9.6. The open position is used for the installation and service of the2582

pressure vessel. The closed position is used normal operations. The LC itself is made2583

of two halves mounted on a system of wheels that move on tracks with the help of an2584

electric engine. The system includes a lifting device and a lock for each wheel. The2585

lifting devices elevates all the wheels from 5 to 10mm above the guides. Once in the2586

desired position the lock fixes the movable lead castle to the seismic structure, both in2587

the open and in the closed position, to avoid seismic displacements during an eventual2588

earthquake.2589
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Figure 9.6: Three-dimensional view of lead castle closed
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Figure 9.7: View of the lead castle
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9.2.3 Assembly of the lead shielding2590

A top view of the lead castle is shown in Figure 9.7. The lead wall has a thickness of 202591

cm and is made of fours layers of staggered lead bricks and copper or steel sheets. The2592

lead bricks have standard dimensions (200 × 100 × 50 mm3, and, by requirement, an2593

activity in uranium and thorium less than 0.4 mBq/kg respectively.2594

A copper wall, made of copper sheets was designed to further attenuate the residual2595

activity emanating from the lead and to provide structural support. The thickness2596

shown in Figure 9.7 is 10 cm. However, with the introduction of the inner copper shield2597

inside the pressure vessel the thickness of the external copper shield can be considerably2598

reduced, and even eliminated (in reality we have simply moved it inside the PV). Instead2599

we will use a radiopure SS sheet (from the same batch used to build the detector), 1 cm2600

thick, to provide structural support to the whole system.2601

9.3 Procurement of radiopure lead and copper2602

9.3.1 Providers2603

Several companies have been contacted as lead and copper providers. An Italian com-2604

pany, COMETA, and a Spanish company, TECNIBUSA, are being considered for two2605

reasons: their competitive prices and their expertise in shielding materials. Possible2606

optimizations of the melting techniques (use of steel matrices and melting in argon at-2607

mosphere) are currently studied with both companies in order to get a lower level of2608

radioactive contamination. The company LUVATA can provide very radiopure copper2609

at a reasonable price for the ICS.2610

9.3.2 Radioactivity screening of materials.2611

The radioactive contamination of materials such as copper and lead has been measured2612

by Shiva company (EAGlabs) using Glow Discharge Mass Spectrometry (GDMS). These2613

measurements are quite promising concerning the COMETA lead sample (370 µBq/kg2614

in 238U –or 214Bi – and 72 µBq in 232Th –or 26 µBq/kg in 208Tl) and also to a sample2615

from MIFER’s lead provider(0,34mBq/kg in 238U –or 214Bi – and 100µBq in 232Th –or2616

36 µBq/kg in 208Tl), which is also TECNIBUSA’s provider. Improvement in melting2617

technique would decrease radioactivity levels. Concerning copper, LUVATA could offer2618

a level of radiopurity of less than 12.4 µBq/kg from 238U and less than 4 µBq/kg from2619

232Th (less than 1 µBq/kg from 208Tl).2620

9.4 Summary2621

We have chosen a simple and easy to build lead castle as the shielding system for NEXT-2622

100. The LC is integrated with a seismic structure (DP) and a working platform (WP).2623

The LC opens horizontally, and the whole system is designed to withstand earthquakes.2624

The LC thickness if 20 cm. The copper shield has been moved inside the PV, although we2625
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Table 9.1: Summary of recent material screening results compare to XENON experiment
data. Contaminations are expressed in µBq/kg. See also chapter 2

Material U238 Th232 Tl208 Exp. or Provider

Copper ¡70 ¡30 ¡11 XENON
Copper 12.4 4 1 LUVATA

Lead ¡660 ¡550 ¡198 XENON
Lead 330 100 36 MIFER
Lead 370 72 26 COMETA
Lead 730 140 50.4 TECNIBUSA

Poly ¡230 ¡94 ¡34 XENON

may still leave a few cm in the castle, depending of the availability of funds. Alternatively2626

(or in addition) a SS support sheet will be added.2627

Work is underway, in coordination with LSC staff to refine and complete the design2628

of each relevant element, and the integration of all the systems.2629
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